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Ac     acetyl 
Å     angstrom 
Ar     aryl 
aq     aqueous 
Bn     benzyl 
bp     boiling point 
DAPI     4’,6-diamidino-2-phenylindole 
de     diastereomeric excess 
DMF     N,N-dimethylformamide 
EDTA     ethylenediaminetetraacetic acid 
ee     enantiomeric exess 
equiv     equivalent 
Et     ethyl 
FID     flame ionization detector 
FT-IR     Fourier transform infrared spectroscopy 
GC     gas chromatography 
GC-MS     gas chromatography-mass spectrometry 
h     hour(s) 
Hex     hexyl 
HMPA     hexamethylphosphoramide 
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HPLC     high performance liquid chromatography 
i-Bu     isobutyl 
IPA     isopropyl alcohol 
IPE     diisoproylether 
i-Pr     isopropyl 
Me     methyl 
mp     melting point 
MS     mass spectra 
n-Bu     normal butyl 
NMR     nuclear magnetic resonance 
NOESY     nuclear Overhauser effect spectroscopy 
Np     naphthyl 
PBS     phosphate buffered saline 
Ph     phenyl 
rpm     revolutions per minute 
rt     room temperature 
t-Bu     tert-butyl 
TE     tris-EDTA 
TFA     trifluoroacetic acid 
THF     tetrahydrofuran 
THP     2-tetrahydropyranyl 
TLC     thin-layer chromatography 
TMS     tetramethylsilane 













































































本論文の第 1 章では、先ず、この新規酸化反応触媒を用いたアリルアルコール類 1 と
ビニルエーテル 2 からの 2-アルコキシテトラヒドロフラン誘導体 3 の簡易合成法につい















catechol =1a R = Ph
1b R = 4-NO2C6H4
1c R = H
1d R = Me













































(1 mmol) (4 mmol)
5 mol% Pd(OAc)2, Cu(OAc)2
O2, toluene (2.5 ml), rt, 24 h
+ *














次に、この不斉反応で生成する 2-アルコキシテトラヒドロフラン体 3 の絶対配置の決
定を行った(Scheme 5)。すなわち、4-ニトロシンナミルアルコールを基質に用いて Scheme 4
の手法で合成したフラン体(+)-3c (R = 4-NO2C6H4, R’ = Et)のニトロ基を還元し、アミノ化合

























74%, 34% ee 62%
72%
i) (+)-3c (0.5 mmol), NH2NH2・H2O (4 equiv), FeCl3 (0.5 equiv), active-Carbon (7 equiv per FeCl3), 
2.5 mL each of THF and EtOH, 70 ℃, 2 h.  ii) (+)-3m (0.23 mmol), (R)-6 (0.23 mmol), THF (0.9 




































(R = H, R’ = n-Bu)が、ヒト白血病細胞 U937に対してアポトーシス誘導活性を持つことを見
出した 10)。この化合物を白血病細胞 U937に対して投与した結果を下記写真に示す(左 : 投






してアルコキシ部位の変換方法を Scheme 6に示す。化合物 3cにメタノールを過塩素酸鉄
(III)触媒存在下で反応させると、アセタール交換反応が起こり、メトキシ基に変換された












ンゼン環の p-位にニトロ基を有し、アルコキシ側鎖にはブトキシ基を持つ化合物 3d (R = 
4-NO2, R’ = n-Bu)が、最も強い抗ガン活性を持つことが分った。 









































































いる 18)。これらのことから、酸素下で 2 価パラジウム、2 価銅とカテコールの組み合せに
より酸素分子が活性化され、2価パラジウムの触媒作用が高められていることを想定した。 
 本章では、これらのことを背景に、この新規酸化反応触媒を用いた、アリルアルコール







































1a R = Ph 2a R' = Et 3a R = Ph, R' = Et 82 (48)
yield of 3
%b
1a R = Ph 2b R' = n-Bu 3b R = Ph, R' = n-Bu 74 (31)
3
3
1b R = 4-NO2Ph 2a R' = Et 12 3c R = 4-NO2Ph
     R' = Et
96 (15)
 a Pd(OAc)2 (11.2 mg, 0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (4a) 
(11.0 mg, 0.1 mmol) were dissolved in MeCN (0.5 mL) in a 25 mL side-armed round 
bottomed flask under O2 (balloon), and the mixture was stirred for 30 min at room 
temperature. Vinyl ether 2 (4.0 mmol) was added to the flask, and a solution of allylic 
alcohol 1 (1.0 mmol) in MeCN (0.5 mL) was then added. The mixture was stirred at 
room temperature untill allylic alcohol was nearly completely consumed.  b Isolated 
yields based on 1. Parentheses contain yields in the case of not using 4a.  c Using 0.1 
mmol of Pd(OAc)2, Cu(OAc)2, and 4a  in each, all other conditions the same. 
d The 
ratio of R*R*/R*S* was 87/13 in 3e, and 86/14 in 3f.  In the case of not using 4a, the 
value was 87/13 and 93/7, respectively. e In this entry, GC yields of 3 based on 1 
using anisole as an internal standard are shown. f  The cis/trans ratio was 71/29, and in 
the case of not using 4a, it was 65/35.
5c
6
1a R = Ph
1b R = 4-NO2Ph
2c
2c
3e R = Phd




7 1c 2b 3g 73 (17)





Table 1.  Reaction of Allylic Alcohols 1 and Vinyl Ethers 2a
4 1b R = 4-NO2Ph 2b R' = n-Bu 3 3d R = 4-NO2Ph
     R' = n-Bu
74
 16 
物 2-ブトキシ-4-エキソメチレンテトラヒドロフラン(3g) (Table 1, entry 6)の構造に着目する
と、これら一連の化合物の基本的構造を表していることが分る。2-ブテン-1-オール(1d)と
2dとの反応から得られる生成物 4-ビニルテトラヒドロフラン 3h (cis/trans = 71/29, Table 1, 






 ところで、内本・大嶌らによって報告された論文 12a)では、1aと 2aとの反応では生成物




は単結晶が得られなかったため、ベンゼン環状の p-位にニトロ基を導入した化合物 3c (R = 
4-NO2C6H4)を合成したところ(Table 1, entry 3)、良好な結晶が得られた。X-線結晶構造解析
から得られたオルテップ図を Figure 1に示す。この結果から、この化合物 3cは(Z)-ベンジ


































































Goodness of fit = 0.898
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を用いた場合、(Z)-4-ベンジリデンテトラヒドロフラン 3a が収率 82%で得られた。一方、
(Z)-1aからは、(E)-3aが単一の生成物として収率 77%で得られた。(Z)-3aと(E)-3aのそれぞ
れの生成物の立体構造は、2D NOESY実験により決定した 21)。すなわち、NOESY測定に 
 
Lindlar Catalyst (50 mol%)





















































































Scheme 10.  Conditions: (E)-1a or (Z)-1a (1 mmol), 2b (4 mmol), 
Pd(OAc)2 (0.05 mmol), Cu(OAc)2 (0.05 mmol), catechol (4a) (0.1 
mmol), MeCN (1 mL), O2 (balloon), 25 ℃.
 20 
Figure 4. 2D NOESY spectrum of compound (E)-3a. 
 
 
よってビニルプロトン(6H)と C-3 プロトンの一つと相関が観測され、C-5 プロトンとは相
関が見られなかった(Figure 3)。この結果から、(E)-1a から合成された生成物 3a の立体構




































































討したところ、酢酸パラジウム/酢酸銅/カテコール = 1 mol%/1 mol%/2 mol%の触媒量まで




















a 1a (1 mmol), 2a (4  mmol), Pd(OAc)2, Cu(OAc)2, catechol (4a),
MeCN (1 mL), O2 (1 atm). 
b The yield of 3a was determined by 
GC using tetraethylene glycol dimethyl ether as an internal 
standard.
















を有するカテコールを助触媒に用いて、1a と 2a との反応を行った。その結果、カテコー
ルの置換基は触媒効率に著しい影響を与えないが、entries 2-5に示した電子供与基を持つカ
テコールでは、若干の収率の低下が見られた。3 位の位置に水酸基を持つピロガロールで






1a (1 mmol) 2a (4 mmol)
+
Pd(OAc)2 (0.05 mmol)
Cu (OAc)2 (0.05 mmol)
catechol (4a)















































































Table 3. Addition of Various Catechols to the Catalyst Systema
a 1a (1 mmol), 2a (4 mmol), Pd(OAc)2 (10 mol%), 
Cu(OAc)2 (10 mol%), catechols 4 (10 mol%), 
MeCN (1 mL), O2 (1 atm). 
b The yield of 3a was 
determined by GC using tetraethylene glycol 
dimethyl ether as an internal standard.















O2, MeCN (1 mL), rt, 3 h
+
(1 mmol) (4 mmol)
Cu(OAc)2  (5 mol%)
Pd(OAc)2  (5 mol%)







Ligand yield (%) a)









































とエチル又はブチルビニルエーテル(2a or 2b)との反応(Table 1, entries 1and 2)を 5倍にスケ
ールアップしたところ、5倍のスケールで生成物 3a or 3bが収率 74-78％の高収率で得られ
た 27)。アリルアルコール(1c)とエチル又はブチルビニルエーテル(2a or 2b)との反応を同様
に 5倍にスケールアップしたところ、予想と反して反応は殆ど進行しなかった。この予想










i) substrate (0.3 mmol), Pd(OAc)2 (0.5 mol%), 




物 3gが収率 70%で得られる(Table 4, entry 1)。この条件を基にして、1cとエチルビニルエ
ーテル(2a) 又は ブチルビニルエーテル(2b)との反応を単純に 5 倍スケールアップしたと
ころ、対応する生成物は殆ど得られない(Table 4, entries 2 and 3)。このことから、ビニルエ
ーテルの置換基の影響によって反応性が、異なるわけではないことが分った 28)。スケール











































































3d 5 0.25 5 20 3 4
a The catalyst of Pd(OAc)2 (0.1 M), Cu(OAc)2, and catechol in a ratio of 
1/1/2 in MeCN was stirred for 0.5 h at rt before addition of substrates. The 
concentration of 1c was 1 M. b Reaction time after addition of substrates. 
c The yield of 3g was determined by NMR using methyl benzoate as an 
internal standard. d The reaction was performed by using ethyl vinyl ether 
(2a) instead of 2b.
Table 4.  Palladium-Catalyzed Reaction of Allyl Alcohol (1c) and Butyl Vinyl 
ether (2b) Using a Catalyst Consisting of Pd(OAc)2, Cu(OAc)2, and Catechol.
a
 27 
Figure 5.  Effect of the amount of Pd(OAc)2 on the yield of product 3g in the reaction of allyl 
alcohol (1c) (1 M) and vinyl ether 2b (0.25 M) using a catalyst of Pd(OAc)2 (5 mol%, 0.05 M), 
Cu(OAc)2 (5 mol%) and catechol (4a) (10 mol%) in MeCN at rt for 3 h. 
 
パラジウムの相対的に多い量(0.25 mmol)を用いた場合に、生成物の収率が減少した(Table 4, 




































を見出し、この触媒システムを用いて、アリルアルコール類 1 とビニルエーテル 2 から









1. 4. 1. General 
 
NMR spectra were recorded on a Varian UNITY INOVA 400 (1H NMR, 399.91 MHz; 13C NMR, 
100.56 MHz) instrument for solutions in CDCl3 with Me4Si as an internal standard. Infrared spectra 
were measured on a JASCO FTIR-610 spectrometer. Elemental analyses were performed on 
Elementary VarioEL III. GLC analyses were performed on a Shimadzu GC-17A instrument by 
using DB-1 glass capillary column (0.53 mm × 30 m) with flame-ionization detector under the 
conditions of injection temperature (200 ℃), column temperature (60-250 ℃), and nitrogen gas 
pressure (0.5 kg/cm2). Mass spectrum was obtained on a Shimadzu GCMS-QP5050 gas 
chromatograph-mass spectrometer at 0.7 eV by using DB-1 glass capillary column (0.25 mm × 30 
m) under the conditions of injection temperature (200 ℃), column temperature (60-250 ℃), and 
helium gas pressures (0.5 kg/cm2). All melting points were measured on Yanaco micro melting 
point apparatus and were uncorrected. Analytical thin layer chromatography (TLC) was performed 
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with Merck silica gel 60 F254 plates. Column chromatography was performed with Merck silica gel 
60. HPLC analyses were performed on System Gold system with a BECKMAN 168-type detector 
and BECKMAN 126-type solvent module by using 250 mm × 4.6 mm analytical column packed 
with CHIRALCEL OB-H and 250 mm × 10 mm semi-preparative column packed with 
CHIRALCEL OJ-H. Optical rotation was measured on a JASCO DIP-1000 polarimater. 
 
1. 4. 2. Materials 
 
(E)-3-Phenyl-2-propen-1-ol (cinnamyl alcohol) and copper(II) acetate were commercially 
available from Wako Pure Chemical Industries, Ltd. Palladium(II) acetate, palladium(II) chloride, 
and catechol were commercially available from Nakarai Tesque, Inc. (E)-3-(4-Nitrophenyl)- 
2-propen-1-ol (4-nitrocinnamyl alcohol), and palladium(II) trifluoro acetate were obtained from 
Aldrich. 
 
1. 4. 3. Chemistry 
 
Synthesis of (Z)-4-Benzylidene-2-ethoxytetrahydrofuran (3a). Pd(OAc)2 (11.2 mg, 0.05 mmol), 
Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN 
(0.5 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and the mixture was 
stirred for 30 min at room temperature. Ethyl vinyl ether (288 mg, 4.0 mmol) was added to the flask, 
and a solution of (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in MeCN (0.5 mL) was then 
added. After the reaction mixture was stirred for 3 h at room temperature, GC yield of 3a was 
determined to be 84% by using tetraethylene glycol dimethyl ether as an internal standard. Isolation 
of pure 3a was made as follows. The same reaction as above was separately performed, and the 
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reaction mixture was stirred for 3h. After filtration through Florisil column (10 mm × 80 mm 3 g, 
EtOAc/n-hexane = 1/20), the solvent was evaporated under reduced pressure. The product 3a nearly 
pure was obtained in 82% yield (168 mg, 0.82 mmol), and further purification was made by 
thin-layer chromatography on silica gel (Rf = 0.62, EtOAc/n-hexane = 1/20) as a colorless oil. 3a : 
bp (bulb-to-bulb): 105-108 ℃ (15 mmHg); FTIR (neat, cm-1): 3053, 3025, 1739, 1598, 1184, 1095, 
1032, 997 ; 1H NMR (400 MHz, CDCl3): δ 1.21 (t, J = 7.1 Hz, 3H), 2.72 (d, J = 16.2 Hz, 1H), 2.94 
(dd, J = 16.2, 5.1 Hz, 1H), 3.50 (dq, J = 9.3, 7.1 Hz, 1H), 3.77 (dq, J = 9.3, 7.1 Hz, 1H), 4.68 (d, J = 
2.1 Hz, 1H), 4.69 (d, J = 2.1 Hz, 1H), 5.23 (d, J = 5.1 Hz, 1H), 6.42 (s, 1H), 7.12 (d, J = 7.2 Hz, 
2H), 7.19 (t, J = 7.2 Hz, 1H), 7.33 (t, J = 7.2 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 15.14, 41.12, 
62.57, 67.85, 101.93, 121.55, 126.40, 127.78, 128.39, 137.34, 138.98 ; GCMS: m/e 204 (M+); Anal. 
Calcd for C13H16O2: C, 76.42; H, 7.89; Found: C, 76.32; H, 7.49. 
 
Synthesis of (Z)-4-Benzylidene-2-n-buthoxytetrahydrofuran (3b). This compound was prepared 
from (Z)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and n-butyl vinyl ether (401 mg, 4.0 mmol) 
using a procedure similar to that employed for the preparation of 3a. Consequently, the compound 
3b is obtained 74% yield (173 mg, 0.74 mmol) in nearly pure form. Further purification was made 
by thin-layer chromatography on silica gel (Rf = 0.67, EtOAc/n-hexane = 1/9) as a colorless oil. 
3b : (bulb-to-bulb): 115-117 ℃ (15 mmHg); FTIR (neat, cm-1): 3026, 2930, 2870, 1599, 1492, 1449, 
1423, 1345, 1180, 1097, 1038, 925, 840, 749, 695 ; 1H NMR (400 MHz, CDCl3): δ 0.91 (t, J = 7.5 
Hz, 3H), 1.36 (tq, J = 8.4, 7.5 Hz, 2H), 1.56 (tt, J = 8.4, 6.6 Hz, 2H), 2.71 (d, J = 16.4, 1H), 2.93 
(dd, J = 16.4, 5.1 Hz, 1H), 3.44 (dt, J = 9.5, 6.6 Hz, 1H), 3.71 (dt, J = 9.5, 6.6 Hz, 1H), 4.68 (d, J = 
2.3 Hz, 1H), 4.69 (d, J = 2.3 Hz, 1H), 5.21 (d, J = 5.1 Hz, 1H), 6.42 (s, 1H), 7.13 (d, J = 7.3 Hz, 
2H), 7.20 (t, J = 7.3 Hz, 1H), 7.34 (t, J = 7.3 Hz, 2 H); 13C NMR (101 MHz, CDCl3): δ 13.86, 19.34, 
31.70, 41.09, 67.04, 67.87, 102.15, 121.51, 126.42, 127.81, 128.44, 137.40, 139.12 ; GCMS: m/e 
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232 (M+); Anal. Calcd for C15H20O2: C, 77.55; H, 8.68. Found: C, 77.53; H, 8.62. 
 
Synthesis of 2-Ethoxy-(Z)-4-(4-nitrobenzylidene)tetrahydrofuran (3c). This compound was 
prepared from (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) and ethyl vinyl ether (288 
mg, 4.0 mmol) using a procedure similar to that employed for the preparation of 3a. Consequently, 
the compound 3c is obtained 96% yield (241 mg, 0.96 mmol) as a brown solid, after 6 h. 
Purification was made by recrystallization from hexane and EtOAc (5:1). 3c : mp: 75-76 ℃; FTIR 
(nujol, cm-1): 2927, 1652, 1592, 1513, 1099, 1049, 996 ; 1H NMR (400 MHz, CDCl3): δ 1.21 (t, J = 
7.1 Hz, 3H), 2.80 (d, J = 16.9 Hz, 1H), 2.98 (dd, J = 16.9, 4.9 Hz, 1H), 3.52 (dq, J = 8.5, 7.1 Hz, 
1H), 3.78 (dq, J = 8.5, 7.1 Hz, 1H), 4.71 (d, J = 2.4 Hz, 1H), 4.72 (d, J = 2.4 Hz, 1H), 5.27 (d, J = 
4.9 Hz, 1H), 6.51 (s, 1H), 7.20 (d, J = 8.9 Hz, 2H), 8.20 (d, J = 8.9 Hz, 2H); 13C NMR (101 MHz, 
CDCl3): δ 15.13, 41.64, 62.81, 67.81, 101.87, 120.01, 123.88, 128.24, 143.67, 144.96, 145.93 ; 
GCMS: m/e 249 (M+); Anal. Calcd for C13H15NO4: C, 62.64; H, 6.07; N, 5.62. Found: C, 62.64; H, 
6.07; N, 5.50. 
 
Synthesis of 2-Butoxy-(Z)-4-(4-nitrobenzylidene)tetrahydrofuran (3d). This compound was 
prepared from (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) and n-butyl vinyl ether (401 
mg, 4.0 mmol) using a procedure similar to that employed for the preparation of 3a. Consequently, 
the compound 3d is obtained 74% yield (173 mg, 0.74 mmol) after 3 h in nearly pure form as a 
brown solid. Further purification was made by thin-layer chromatography on silica gel. 3d : 1H 
NMR (400 MHz, CDCl3): δ 0.91 (t, J = 7.4 Hz, 3H), 1.36 (qt, J = 7.4, 7.4 Hz, 2H), 1.52-1.60 (m, 
2H), 2.77 (dm, J = 16.8 Hz, 1H), 2.97 (ddddd, J = 10.7, 5.1, 2.5, 2.5, 2.5 Hz, 1H), 3.45 (dt, J = 9.7, 
6.7 Hz, 1H), 3.72 (dq, J = 9.7, 6.7 Hz, 1H), 4.70 (m, 1H), 5.25 (d, J = 5.1 Hz, 1H), 6.50 (qu, J = 2.5 
Hz, 1H), 7.25 (dm, J = 8.9 Hz, 2H), 8.20 (dm, J = 8.9 Hz, 2H). 
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Synthesis of (Z)-4-Benzyliden-2-tetrahydropyranyloxytetrahydrofuran (3e). Pd(OAc)2 (22.5 
mg, 0.1 mmol), Cu(OAc)2 (18.2 mg, 0.1 mmol), and catechol (4a) (22.0 mg, 0.2 mmol) were 
dissolved in MeCN (0.5 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and 
the mixture was stirred for 30 min at room temperature. 2-Vinyloxytetrahydropyran (513 mg, 4.0 
mmol) was added to the flask, and a solution of (Z)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in 
MeCN (0.5 mL) was then added. After the reaction mixture was stirred for 6 h at room temperature, 
the mixture was filtered through Florisil column (10 mm × 80 mm 3 g, EtOAc/n-hexane = 1/20), 
and the solvent was evaporated under reduced pressure to give a mixture of (R*,R*)- and 
(R*,S*)-3e. Isolation of each isomer by thin-layer chromatography gave (R*,R*)-3e (164 mg, 0.63 
mmol, Rf = 0.5, EtOAc/n-hexane = 1/4) and (R*,S*)-3e (24 mg, 0.09 mmol, Rf = 0.4, 
EtOAc/n-hexane = 1/4) as a colorless oil. The product yield of 3e thus corresponds to 72% 
(R*R*/R*S* = 87/13). The configuration of R*,R* and R*,S* was assigned on the bases of X-ray 
analysis of the corresponding (R*,R*)-3f (see page 45). R*R*-3e : bp (bulb-to-bulb): 176-178 ℃ (4 
mmHg); FTIR (neat, cm-1): 3036, 2942, 2858, 1718, 1713, 1492, 1449, 1350, 1272, 1201, 1118, 
1074 ; 1H NMR (400 MHz, CDCl3): δ 1.47-1.61 (m, 4H), 1.66-1.74 (m, 1H), 1.76-1.86 (m, 1H), 
2.77 (d, J = 16.6, 1H), 2.98 (dd, J = 16.6, 4.96 Hz, 1H), 3.51-3.57 (m, 1H), 3.85-3.92 (m, 1H), 4.68 
(d, J = 14.4 Hz, 1H), 4.70 (d, J = 14.4 Hz, 1H), 4.95 (s,1H), 5.27 (d, J = 5.6 Hz, 1H), 6.44 (s, 1H), 
7.13 (d, J = 7.8 Hz, 2H), 7.20 (t, J = 7.8 Hz, 1H), 7.33 (t, J = 7.8 Hz, 2H); 13C NMR (101 MHz, 
CDCl3): δ 19.90, 25.36, 30.66, 40.76, 63.25, 68.07, 94.78, 97.86, 121.62, 126.45, 127.77, 128.44, 
137.34, 138.88 ; GCMS: m/e 260 (M+); R*S*-3e : bp (bulb-to-bulb): 132-135 ℃ (1 mmHg); 1H 
NMR (400MHz, CDCl3): δ 1.46-1.66 (m, 4H), 1.67-1.76 (m, 1H), 1.76-1.85 (m, 1H), 2.77 (d, J = 
16.3, 1H), 2.97 (dd, J = 16.3, 4.56 Hz, 1H), 3.52-3.59 (m, 1H), 3.94-4.01 (m, 1H), 4.71 (d, J = 14.2 
Hz, 1H), 4.83 (d, J = 14.2 Hz, 1H), 4.85 (s, 1H ), 5.45 (d, J = 5.4 Hz, 1H), 6.42 (s, 1H), 7.13 (d, J = 
7.7 Hz, 2H), 7.20 (t, J = 7.7 Hz, 1H), 7.33 (t, J = 7.7 Hz, 2H). 
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Synthesis of (Z)-4-(4-Nitrobenzyliden)-2-tetrahydropyranyloxytetrahydrofuran (3f). Pd(OAc)2 
(11.2 mg, 0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were 
dissolved in MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and 
the mixture was stirred for 30 min at room temperature. 2-Vinyloxytetrahydropyran (513 mg, 4.0 
mmol) was added to the flask, and (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) was 
then added. After the reaction mixture was stirred for the 24 h at room temperature, the mixture was 
filtered through Florisil column (10 mm × 60 mm 2.5 g, EtOAc/n-hexane = 1/20), and the solvent 
was evaporated under reduced pressure to give a mixture of (R*,R*)- and (R*,S*)-3f. Isolation of 
each isomer by thin-layer chromatography (Rf = 0.35 (R*,R*), Rf = 0.24 (R*,S*), EtOAc/n-hexane = 
1/4) gave (R*,R*)-3f (205 mg, 0.67 mmol) in solid state and (R*,S*)-3f (35 mg, 0.11 mmol) as 
liquid. The product yield of 3f thus corresponds to 78% (R*,R*/R*,S* = 86/14). Purification was 
made by recrystallization from hexane and diethyl ether (3:1). The configuration of R*,R* and 
R*,S* was assigned on the basis of X-ray analysis of R*,R*-3f (see page 45). (R*,R*)-3f : mp: 
92-93 ℃; FTIR (KBr, cm-1): 3078, 2955, 2929, 1657, 1593, 1340, 1119, 989, 973, 924, 749, 688 ; 
1H NMR (400 MHz, CDCl3): δ 1.47-1.63 (m, 4H), 1.68-1.77 (m, 1H), 1.79-1.87 (m, 1H), 2.83 (d, J 
= 16.8, 1H), 3.03 (dd, J = 16.8, 4.9 Hz, 1H), 3.52-3.59 (m, 1H), 3.86-3.92 (m, 1H), 4.59 (d, J = 12.8 
Hz, 1H), 4.63 (d, J = 12.8 Hz, 1H), 4.95 (s, 1H), 5.65 (d, J = 4.9 Hz, 1H), 6.53 (s, 1H), 7.26 (d, J = 
8.76 Hz, 2H), 8.21 (d, J = 8.76 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 19.83, 25.31, 30.59, 41.23, 
63.26, 68.00, 94.82, 97.74, 120.07, 123.87, 128.21, 143.62 144.83, 145.88 ; GCMS: m/e 305 (M+); 
Anal. Calcd for C16H19NO5: C, 62.94; H, 6.27; N, 4.59. Found: C, 62.87; H, 6.57; N, 4.49 ; 
(R*,S*)-3f : 1H NMR (400 MHz, CDCl3): δ 1.48-1.64 (m, 4H), 1.67-1.78 (m, 1H), 1.78-1.86 (m, 
1H), 2.83 (d, J = 16.6 Hz 1H, ), 3.03 (dd, J = 16.6, 4.5 Hz, 1H), 3.52-3.63 (m, 1H), 3.95-4.06 (m, 
1H), 4.75 (d, J = 14.3 Hz, 1H), 4.88 (d, J = 14.3 Hz, 1H), 4.91(s, 1H ), 5.50 (d, J = 4.5 Hz, 1H), 
6.53 (s, 1H), 7.45 (d, J = 8.9 Hz, 2H), 8.20 (d, J = 8.9 Hz, 2H). 
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Synthesis of 2-Butoxy-4-methylenetetrahydrofuran (3g). Pd(OAc)2 (11.2 mg, 0.05 mmol), 
Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN 
(0.5 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and the mixture was 
stirred for 30 min at room temperature. n-Butyl vinyl ether (401 mg, 4.0 mmol) was added to the 
flask, and a solution of allyl alcohol (58 mg, 1.0 mmol) in MeCN (0.5 mL) was then added. After 
the reaction mixture was stirred for 3 h at room temperature, GC yield of 3g was determined to be 
74% by using tetraethylene glycol dimethyl ether as an internal standard. The reaction mixture was 
filtered through Florisil column (17 mm × 80 mm, 6 g, n-hexane), and the solvent was evaporated 
under reduced pressure to give 3g (115 mg, 0.73 mmol, 73% yield) in nearly pure form as a 
colorless oil. 3g : bp (bulb-to-bulb): 54-55 ℃ (4 mmHg); FTIR (neat, cm-1): 3081, 2960, 2871, 
1714, 1671, 921, 883, 735 ; 1H NMR (400 MHz, CDCl3): δ 0.83 (t, J = 7.5 Hz, 3H), 1.29 (tq, J = 
8.4, 7.5 Hz, 2H), 1.47 (tt, J = 8.4, 6.6 Hz, 2H), 2.43 (d, J = 16.3 Hz, 1H), 2.61 (dd, J = 16.3, 5.2 Hz, 
1H), 3.33 (dt, J = 9.3, 7.5 Hz, 1H), 3.61 (dt, J = 9.3, 7.5 Hz, 1H), 4.26 (d, J = 12.4 Hz, 1H), 4.31 (d, 
J = 12.4 Hz, 1H), 4.98 (s, 1H), 5.03 (s, 1H), 5.11 (d, J = 5.2 Hz, 1H); 13C NMR (101 MHz, CDCl3): 
δ 13.65, 19.18, 31.55, 39.16, 66.75, 68.90, 103.50, 104.55, 145.64 ; GCMS: m/e 156 (M+). 
 
Synthesis of 2-Butoxy-4-vinyltetrahydrofuran (3h). Pd(OAc)2 (11.2 mg, 0.05 mmol), Cu(OAc)2 
(9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN (0.5 mL) in a 
25 mL side-armed round bottomed flask under O2 (balloon), and the mixture was stirred for 30 min 
at room temperature. n-Butyl vinyl ether (401 mg, 4.0 mmol) was added to the flask, and a solution 
of 2-buten-1-ol (trans/cis = 5/1, 72 mg, 1.0 mmol) in MeCN (0.5 mL) was then added. After the 
reaction mixture was stirred for 3 h at room temperature, GC yield of 3h was determined to be 74% 
by using anisole as an internal standard. The reaction mixture was filtered through Florisil column 
(11 mm × 80 mm, 2.8 g, EtOAc), and the solvent was evaporated under reduced pressure to give a 
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71:29 mixture of trans- and cis-3h as a colorless oil. The ratio was determined by NMR. 
Purification was made by bulb-to-bulb distillation. 3h : bp (bulb-to-bulb): 102-105 ℃ (4 mmHg); 
FTIR (neat, cm-1): 3081, 2960, 2880, 1643, 1347, 1098, 917, 665 ; 1H NMR (400 MHz, CDCl3): δ 
0.87 (t, J = 7.3 Hz, 0.9H, [trans]), 0.88 (t, J = 7.3 Hz, 2.1H, [cis]), 1.33 (sex, J = 7.3 Hz, 0.6H, 
[trans]), 1.33 (sex, J = 7.3 Hz, 1.4H, [cis]), 1.61 (ddd, J = 13.4, 8.8, 2.9 Hz, 0.7H, [cis]), 1.70 (ddd, 
J = 14.4, 8.5, 5.2 Hz, 0.3H, [trans]), 2.02 (ddd, J = 14.4, 8.5 Hz, 0.3H, [trans]), 2.32 (ddd, J = 13.4, 
8.8, 5.9 Hz, 0.7H, [cis]), 2.75 (sex, J = 8.5 Hz, 0.7H, [cis]), 3.02 (sex, J = 8.3 Hz, 0.3H, [trans]), 
3.28 (dt, J = 9.6, 7.3 Hz, 0.3H, [trans]), 3.30 (dt, J = 9.5, 7.3 Hz, 0.7H, [cis]), 3.55 (dd, J = 8.8, 8.8 
Hz, 0.7 H, [cis]), 3.55 (dd, J = 8.5, 8.5 Hz, 0.3H, [trans]), 3.65 (dt, J = 9.6, 7.3 Hz, 0.3H, [trans]), 
3.66 (dt, J = 9.5, 7.3 Hz, 0.7H, [cis]), 3.92 (m, 1H), 3.92 (dd, J = 8.8, 8.8 Hz, 0.7H, [cis]), 4.05 (dd, 
J = 8.5, 8.5 Hz, 0.3H, [trans]), 4.93 (dd, J = 10.0, 1.8 Hz, 0.7H, [cis]), 4.95 (dd, J = 10.0, 1.6 Hz, 
0.3H, [cis]), 5.01 (dd, J = 17.0, 1.8 Hz, 0.7H, [cis]), 5.04 (dd, J = 17.0, 1.6 Hz, 0.3H, [trans]), 5.07 
(d, J = 5.2 Hz, 0.3H, [trans]), 5.09 (dd, J = 5.9, 2.9 Hz, 0.7H, [cis]), 5.65 (ddd, J = 17.0, 10.0, 8.5 
Hz, 0.3H, [trans]), 5.81 (ddd, J = 17.0, 10.0, 8.8 Hz, 0.7H, [cis]); 13C NMR (101 MHz, CDCl3): δ 
13.79, 19.28 [trans], 19.30 [cis], 31.73 [trans], 31.76 [cis], 39.21 [cis], 39.40 [trans], 41.42 [trans], 
43.04 [cis], 66.95 [trans], 67.36 [cis], 70.82 [cis], 71.69 [trans], 103.98 [trans], 104.45 [cis], 115.12 
[trans], 115.30 [cis], 138.82 [cis], 139.09 [trans]; GCMS: m/e 170 (M+). 
 
2D NOESY Experiment of cis- and trans-3h. The 400 MHz proton NMR spectra were acquired in 
5 mm tubes on approximately 2 wt% solutions in CDCl3 on a Varian Unity Plus instrument using a 
Varian PFD Indirect Probe. As shown below, the H-4 proton of cis isomer 3h showed a correlation 
with cis proton of H-3. The proton H-3 also indicated a correlation with the adjacent H-2 proton. In 
the case of trans-3h, the H-4 proton similarly showed a correlation with cis proton of H-3, but no 
correlation was observed between this H-3 proton and the adjacent H-2 proton. These facts allowed 
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us to assign the cis/trans configuration of 3h successfully. 
 
 
Experimental Procedure for the Preparation of (Z)-1a and (E)-3a. A suspension of 3-phenyl-2- 
propyne-1-ol (231 mg, 1.75 mmol) and 5 wt% palladium on calcium carbonate poisoned with lead 
(Aldrich, 46.1 mg, 0.087 mmol) in toluene (5 mL) was stirred under hydrogen (balloon) at rt for 2 h, 
and the reaction mixture was filtered through a pad of cotton with ether (50 mL). Evaporation of 
solvent gave nearly pure (Z)-1a (202 mg, 86% by NMR) as an oil. (Z)-1a : 1HNMR (400 MHz, 
CDCl3): δ 4.45 (d, J = 6 Hz, 2 H), 5.88 (dt, J = 6.4 Hz, 1 H), 6.58 (d, J = 12 Hz, 1 H), 7.19-7.45 (m, 
5 H). 
A 25 mL side-armed round bottom flask was charged with Pd(OAc)2 (11.2 mg, 0.05 mmol), 
Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.10 mmol) to which was added 
MeCN (0.5 mL) under O2 (balloon). The resulting solution was stirred for 0.5 h at rt, and ethyl 
vinyl ether (288 mg, 4.0 mmol) was added to the flask, and subsequently a solution of (Z)-1a (134 
mg, 1.0 mmol) in MeCN (0.5 ml) was added. After stirring was continued for 3 h at rt, the reaction 
mixture was filtered through Florisil column (3 g, 10 mm × 80 mm, EtOAc/n-hexane = 1/20), and 
the solvent was evaporated under reduced pressure. The product (E)-3a, nearly pure by NMR, was 
obtained in 77% yield (157 mg, 0.77 mmol) as a colorless oil. Further purification was made by 
thin-layer chromatography on SiO2. (E)-3a : Rf = 0.45 (EtOAc/n-hexane = 1/20); 
1HNMR (400 
MHz, CDCl3): δ = 1.20 (t, J = 7.2 Hz, 3 H), 2.84 (d, J = 16.8 Hz, 1 H), 2.91-2.98 (dm, 1 H), 3.50 



















H), 5.36 (d, J = 5.2 Hz, 1 H), 6.38 (s, 1 H), 7.18-7.36 (m, 5 H). 
 
X-Ray Structure Analysis of 3c and R*,R*-3f. X-ray analysis were performed on Rigaku AFC7R 
diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71069 Å) and 18 kW rotating 
anode generator. Cell constants and orientation matrixes for data collection were obtained from 
least-square refinements using the setting angles of 20 carefully centered reflections corresponding 
to each cell system and dimensions. All calculations were performed using the teXsan 
crystallographic software package of Molecular Structure Corporation. The structures were solved 
by direct method (SIR88 or SIR92) and expanded using Fourier techniques. Neutral atom scattering 
factors were taken from Cromer and Waber. The values for the mass attenuation coefficients are 
those of Creagh and Hubbel. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms 
were included in the calculation with isotropic temperature parameter on calculated positions riding 
on their carrier atoms. 
Preparation of 3c was described previously on page 31. Single crystrals of 3c was obtained by 
recrystallization from hexane and EtOAc (5:1). 
Preparation of (R*,R*-3f) was described previously on page 33. Single crystrals of R*,R*-3f was 

















Table 5. Crystallographic Data of 3c
Empirical Formula C13H15NO4
Formula Weight 249.27
Crystal Color, Habit yellow, plate
Crystal Dimensions 0.30×0.26×0.17 mm3
Crystal System triclinic
Lattice Type Primitive
No. of Reflections Used for Unit
Cell Determination (2θ range) 25 (25.9-28.6°)
Omega Scan Peak Width
at Half-height 0.33°
Lattice Parameters a = 11.014(1) Å
b = 13.147(2) Å
c = 4.8355(6) Å
α = 95.35(1)°
V = 630.0(1) Å3











Table 6. Crystallographic Data of 3c
Diffractometer Rigaku AFC7R (rotating anode)
Radiation MoKα (λ = 0.71069Å)
graphite monochromated
Attenuator Zr foil (factor = 7.40)
Temperature 23.0℃
Voltage, Current 50 kV, 250 mA






4.0°/min (in ω) (up to 5 scans)
(1.84 + 0.30 tanθ)°
2θmax 55.0°
No. of Reflections Measured Total: 3042








(trans. factors: 0.9064 - 0.9982)
Secondary Extinction
Corrections (coefficient: 3.71810e-07)
Table 7. Structure Solution and Refinement Crystallographic Data of 3c
Structure Solution Direct Methods (SIR88)
Refinement Full-matrix least-squares
Function Minimized ∑w (Fo2 - Fc2)2
Least Squares Weights 1/σ2(Fo2)
0.0700
Anomalous Dispersion All non-hydrogen atoms











Max Shift/Error in Final Cycle 0.001
0.64 e-/Å3
Minimum peak in Final Diff. Map -0.29 e-/Å3
Maximum peak in Final Diff. Map
Residuals: R; Rw
Residuals: R1
No. of Reflections to calc R1
Goodness of Fit Indicator
Table 8. Atomic Coordinates and Biso/Beq of 3c





































































































































































Table 8. Atomic Coordinates and Biso/Beq of 3c (Continued)
atom x y z Beq





















































































































































































































































































































































































































































































H(13) C(13) 108.4 H(13) C(13) 109.0H(14) H(15)
H(14) C(13) 109.2H(15)
Table 11. Bond Angles (o) of 3c (Continued)
atom atom angle atom atom angleatom atom







































































































































































































































































































C(5) H(4)6) 3.30 C(5) H(8)4) 3.37
Table 13. Non-bonded Conactst out to 3.60 Å of 3c (Continued)








































































































































































































(1) -X+1, Y+1, -Z
(3) X, Y+1, Z
(5) -X+2, -Y+1, -Z
(2) X, Y+1, Z-1
(4) X, Y, Z-1
(6) -X+2, Y+1, -Z+1
(7) -X+2, -Y, -Z+2
(9) X, Y, Z+1
(11) -X+1, -Y, -Z
(8) -X+2, -Y, -Z+1
(10) -X+1, -Y, -Z+1
(12) -X+1, -Y, -Z+2
Table 14. Crystallographic Data of R*,R*-3f
Empirical Formula C16H19NO5
Formula Weight 305.33
Crystal Color, Habit pale-yellow, rectangular
Crystal Dimensions 0.25×0.15×0.15 mm3
Crystal System monoclinic
Lattice Type C-centered
No. of Reflections Used for Unit
Cell Determination (2θ range) 25 (22.1-23.8°)
Omega Scan Peak Width
at Half-height 0.34°
Lattice Parameters a = 19.238(4) Å
b = 12.755(3) Å
c = 15.148(3) Å














Table 14. Crystallographic Data of R*,R*-3f (Continued)
Table 15. Crystallographic Data of R*,R*-3f
Diffractometer Rigaku AFC7R (rotating anode)
Radiation MoKα (λ = 0.71069Å)
graphite monochromated
Attenuator Zr foil (factor = 7.40)
Temperature 25.0℃
Voltage, Current 50 kV, 250 mA






8.0°/min (in ω) (up to 5 scans)
(1.52 + 0.30 tanθ)°
2θmax 55.0°
No. of Reflections Measured Total: 3516
Unique: 3259 (Rint = 0.048)
Corrections Lorentz-polarization
3.0 mm horizontal







Table 16. Structure Solution and Refinement Crystallographic Data of R*,R*-3f
Structure Solution Direct Methods (SIR92)
Refinement Full-matrix least-squares
Function Minimized ∑w (Fo2 - Fc2)2
Least Squares Weights 1/σ2(Fo2)
0.0350
Anomalous Dispersion All non-hydrogen atoms







Max Shift/Error in Final Cycle 0.001
0.69 e-/Å3
Minimum peak in Final Diff. Map -0.70 e-/Å3
Maximum peak in Final Diff. Map
Residuals: R; Rw
Residuals: R1
No. of Reflections to calc R1
Goodness of Fit Indicator
p-factor
Table 17. Atomic Coordinates and Biso/Beq of R*,R*-3f



















































































Table 17. Atomic Coordinates and Biso/Beq of R*,R*-3f (Continued)










































































































































































































































































































































































































































































































































































































































































C(12) C(13) 110.8 C(14) C(13) 108.9H(13) H(12)
C(14) C(13) 109.0H(13) H(12) C(13) 103.3H(13)
C(13) C(14) 110.3(4) C(13) C(14) 110.3C(15) H(14)


































O(5) C(16) 110.1 C(15) C(16) 108.5H(19) H(18)


























































































































































































































































































































































C(6) H(14)11) 3.39 C(6) H(16)11) 3.50
Table 22. Non-bonded Conactst out to 3.60 Å of R*,R*-3f (Continued)












































































































































































































(1) -X+1, -Y+1, -Z
(3) X, Y+1, Z
(5) -X+3/2, Y+1/2, -Z+1/2
(2) -X+1, Y+1, -Z+1/2
(4) X, -Y+1, Z-1/2
(6) -X+3/2, Y-1/2, -Z+1/2
(7) X, -Y, Z-1/2
(9) X+1/2, -Y+1/2, Z+1/2
(11) -X+3/2, -Y+1/2, -Z+1
(8) -X+1, Y, -Z+1/2
(10) X-1/2, -Y+1/2, Z-1/2
(12) X, -Y, Z+1/2
















































本的な助触媒である CuX2の作用にはほとんど関心が払われていない 31, 32)。 
ワッカー型反応の不斉化は、選択的酸化反応の開発の点からも、最近注目されているこ
との一つである。1978 年に、分子内ワッカー型酸化の初めての不斉化が報告されて以来 
(Scheme 15)6, 33)、いくつかの研究グループが高い％ee で光学活性な酸素原子を含むヘテロ
環合成を行い、この型の反応の実用性を高めてきた 34)。この型の不斉反応には、p-ベンゾ
キノンが化学量論酸化剤として用いられ、CuX2助触媒と量論酸化剤として分子状酸素を用














































酢酸パラジウム(5 mol%)、酢酸銅、カテコールと(S,S)-4,4’-ベンジルビスオキサゾリン 5a 
(1:1:2:2)の組み合せを触媒に用いて、(E)-シンナミルアルコール(1a)とエチルビニルエーテ
ル(2a)を酸素下、室温で 24 時間反応を行った(Scheme 18)。その結果、生成物(R)-(+)-3a が
収率 71%、不斉収率 40％で得られた(Table 23, entry 3)38)。この反応条件での結果を基に、
著者は、まず触媒の構成要素の解明に取り組んだ。不斉配位子を用いない反応では、酢酸
パラジウムと酢酸銅の触媒効率は、カテコールを添加剤に用いると増大した(Table 23, 



























カテコール(4a)を用いなければ、3aの収率は 26%まで減少し、エナンチオ選択性も 29% ee


















O2, toluene, rt, 24 h






5b: R = i-Pr
5c: R = i-Bu





entry (mol%) (mol%) (mol%) (mol%) solvent yield (%)b ee (%)c
a 1a (1 mmol), 2a (4 mmol), toluene (2.5 mL), O2 (1 atm), rt, 24 h. 
b Isolated yield. c 






5 5 10 - MeCNd 82 (42)e -
5 5 - - MeCNd 38 (15)e -
5 5 10 10 toluene 71 40
5 5 - 10 toluene 26 29
Pd(OAc)2 Cu(OAc)2 4a (S,S)-5a
5 - 10 10 toluene 17f 39




5 5 - 20 toluene 18 385
Table 23.  Study for the Catalyst Composition in Enantioselective Coupling of 
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)a
 58 
 
ラジウム、酢酸銅、カテコール (4a)、と 5a のトルエン溶媒を酸素存在下で 1 時間攪拌を
行った。そして、その溶液が飽和食塩水で処理されることで、優先的に塩化パラジウム





標準条件と比べて変化は無かった(entries 6 and 3)。しかし、3aの収率は 17%と著しく減少
した。このことは、酢酸銅はエナンチオ選択性に影響は無く、カテコールと配位すること
で、触媒の反応性を促進させていると言える。二つ目は、酢酸銅とカテコールの両方が存
在しないとき、エナンチオ選択性は先程と同様に変化は無いが(39% ee) (entry 7)、3aの収
率は 13%と低い。すなわち、エナンチオ選択性は、酢酸パラジウムと 5aの組合せによって
生じ、反応性は酢酸銅とカテコールの組合せに依存すると言える。 
パラジウムと銅に対して用いる 4aと 5a の最適条件を調査した結果、再現性を確保する
























を用いて不斉反応を行った(Scheme 18)。Table 23の entry 3に示した標準条件で、それぞれ
のキラル配位子を用いて反応を行ったところ、生成物 3aの収率と不斉収率は次の様な結果
となった。(S,S)-5b (R = i-Pr)を用いた場合、収率 85%、不斉収率 32%、(S,S)-5c (R = i-Bu)の
場合、収率 85%、不斉収率 32%、(S,S)-5d (R = t-Bu)の場合、収率 29%、不斉収率 1%、(S,S)-5e 
(R = Ph)の場合、収率 52%、不斉収率 1%であった。すなわち、いずれの配位子を用いても
良い結果は得られなかった。 
次に Table 24に示したように、ビニルエーテル 2 のアルキル側鎖(OR)をエチル、プロピ






catechol (4a) (10 mol%)
Pd(OAc)2 (5 mol%)
+








entry yield (%)a ee (%)b







































Scheme 18に示した反応の主生成物として得られる(＋)- 3a (R = Et)の絶対配置は、下記の
実験により(R)-体に帰属できた(Scheme 20)。先ず、(S,S)-5aを用いて 4-ニトロシンナミルア
ルコール(1b)をエチルビニルエーテル(2a)と反応させた。その結果、(Z)-(+)-4-(4-ニトロベン
ジリデン)-2-エトキシテトラヒドロフラン(3c)が収率 74%不斉収率 34%で得られた 43)。この
生成物 3cを対応する 4-アミノベンジリデン誘導体 3m (FeCl3, NH2NH2･H2O)に変換させ、続
いて、市販のキラル補助剤である(R)-(-)-(1-イソシアネートエチル)ナフタレン((R)-6)を反応

























i) 1b (2 mmol), 2a (8 mmol), Pd(OAc)2 (10 mol%), Cu(OAc)2 (10 mol%), catechol (4a) (20 
mol%), (S,S)-5a (20 mol%), toluene (5.0 mL), rt, 28 h. ii) (+)-3c (0.5 mmol), NH2NH2･H2O (4 
equiv), FeCl3 (0.5 equiv), active-Carbon (7 equiv per FeCl3), 2.5 mL each of THF and EtOH, 




















の量の少ない方の化合物であることが、HPLCと NMRの解析結果より分りました(see, page 
86)。従って、Scheme 18で主生成物として得られた生成物(+)-3aの絶対配置は(R)-体として
帰属された。 
 次に、著者は 1a と 2a の反応で Pd(II)又は Cu(II)のアニオン配位子(X)の効果について調
査した。Table 25の entry 1に示したように、酢酸パラジウム、トリフルオロ酢酸銅、4a、
と(S,S)-5aを触媒として用いた場合、生成物 3aを収率 65%、不斉収率 35% eeで与えた。そ
















entries 5 and 6)44)。全ての場合に、酸の捕捉剤としてトリエチルアミンを用いて実験を行う
と、生成物の収率や不斉収率に影響無く、副生成物 11と 12のみの生成が抑制される（Table 
25, entries 7-11）。トリフルオロ酢酸パラジウム-トリフルオロ酢酸銅を用いた反応では、系
中で酢酸の代わりに酸性度の強いトリフルオロ酢酸が発生するため付加体 11 の収率が向
上する(Table 25, entry 12)。トリエチルアミン以外に無機塩基を含む種々の塩基を用いても
Ph OH OEt+ + +
1a 2a
3a






Table 25. Effect of Anionic Ligands of Pd(II) and Cu(II) on the Reaction of Cinnamyl Alcohol (1a) 
and Ethyl Vinyl Ether (2a)a
entry
a 1a (1 mmol), 2a (4 mmol), Pd(II) (5 mol%), Cu(II) (5 mol%), catechol (4a) (10 mol%), L* = (S,S)-5a 
(10 mol%), NEt3 (10 mol%),


















































































3131 -Pd(TFA)2 Cu(TFA)212 (S,S)-5a 8-
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PdX2/CuX2/catechol/ 5a = 1/1/1/1からなる。(3)カテコールは優先的に銅に配位し、キラル配


















- 57 (41% ee)10 -
Proton-Sponge 78 (40% ee)0 12.50




Pyridine 46 (7% ee)5 5.33
a 1a (1 mmol), 2a (4 mmol), Pd(TFA)2 (5 mol%), Cu(OAc)2 (5 mol%), 
catechol (10 mol%), (S,S)-5a (10 mol%), base (10 mol%), toluene (2.5 mL), rt, 
24 h. b NMR yield.
7
2,4,6-Tri-tert-butylpyridine 52 (31% ee)5 7.02






63 (43% ee)0 -
Cs2CO3
Table 26. Effect of Base on the Reaction of Cinnnamyl Alcohol (1a) and Etheyl 
Vinyl Ether (2a) using Pd(TFA)2-Cu(OAc)2 Catalyst
a
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子状酸素により容易に酸化され o-キノンを与える。この o-キノン体は、おそらく 1:1の関
係で銅に配位すると考えられる 45)。この考えを基にして、酢酸パラジウム-トリフルオロ酢
























































Figure 7. A simplified representation for the anion exchange in Pd(OAc)2-Cu(TFA)2 catalyst.
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アニオン架橋配位子を持つパラジウム-銅の複核錯体としての表記については、以前報告さ
れた 14や 15のようなパラジウム-銅の複核錯体(Figure 8)が単離されていることからも支持





 これまで述べたように、生成物 3a は内部アルケンへのオキシパラジウム中間体 16 の
Pd-C結合の挿入、XPdH脱離に続いて形成される(Scheme 21)。この結果として生成される
XPdH種 1747)が、Scheme 22に示されるように酸素と反応し XPd(OOH)種 1848)を与え、この
18が触媒活性種として働く。XPd(OOH)種 18が 1と 2のカップリング反応を誘導し、過酸
化水素(又は水)の脱離に伴い、オキシパラジウム中間体 16 を経て生成物 3 を形成させる。






















































a The Pd species bearing chiral ligand 5a must be bimetallic with Cu(II), but for 
the sake of simplicity only Pd part is depicted.



























CHCl3, rt, N2, 2 h
Single crystal
from CH2Cl2 / CHCl3
5a : R = CH2Ph




































R = i-Pr, CH2Ph,









Figure 9. (S,S)-4,4’-bisbenzyl-2,2’-bioxazoline-PdCl2 complex. 
 









a = 6.346 (2)Å
b = 12.807 (3)Å
c = 10.221 (4)Å




Goodness of fit = 1.03
Orthorhombic
P212121 (#19)
a = 15.05 (7)Å
b = 26.48 (7)Å
c = 10.39 (8)Å








2. 5. 1. Materials 
 
(S,S)-4,4’-bisbenzyl-2,2’-bioxazoline (5a), (R,R)-4,4’-bisphenyl-2,2’-bioxazoline (5e), L-valinol, 
(S)-tert-leucinol, and (S)-(+)-leucinol were obtained from Aldrich. (R)-(-)-(1-Isocyanatoethyl)- 
naphthalene (commercially available as isocyanic acid (R)-(-)-1-(1-naphtyl)ethyl ester), L-valinol, 
and L-tert-leucinol were commercially available from TOKYO KASEI KOGYO, Co. Ltd. Note 
that 5a and 5e are commercially available as 2,2’-bis[(4S)-4-benzyl-2-oxazoline] and 2,2’-bis[(4R)- 
4-phenyl-2-oxazoline]. 
 
2. 5. 2 Chemistry 
 
Synthesis of (R)-(+)-(Z)-4-Benzylidene-2-ethoxytetrahydrofuran ((R)-(+)-3a). Pd(OAc)2 (11.2 
mg, 0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), catechol (11.0 mg, 0.1 mmol), and (S,S)-4,4’-bis- 
benzyl-2,2’-bioxazoline (5a) (32.0 mg, 0.1 mmol) were dissolved in toluene (1.5 mL) in a 25 mL 
side-armed round bottomed flask under O2 (balloon), and the reaction mixture was stirred for 30 
min at room temperature. Ethyl vinyl ether (288 mg, 4.0 mmol) was added to the flask, and a 
solution of (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in toluene (1.0 mL) was then added. 
After the reaction mixture was stirred for 24 h at room temperature, the mixture was filtered 
through Florisil column (10 mm × 80 mm, 3 g, EtOAc/n-hexane = 1/20), and the solvent was 
evaporated under reduced pressure to give (R)-(+)-3a in nearly pure form. Purification by thin-layer 
chromatography on silica gel (Rf = 0.62, EtOAc/n-hexane = 1/20) gave (R)-(+)-3a in 71% isolated 
yield (145 mg, 0.71 mmol) as a colorless oil. The enantiomer excess (40% ee) was determined by 
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HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane = 1/19, 0.5 mL/min, 258 nm) (Figure 
11). (R)-(+)-3a: bp (bulb-to-bulb): 105-108 ℃ (15 mmHg); FTIR (neat, cm-1): 3053, 3025, 1739, 
1598, 1184, 1095, 1032, 997 ; 1H NMR (400 MHz, CDCl3): δ 1.21 (t, J = 7.2 Hz, 3H), 2.72 (dm, J 
= 16.4 Hz, 1H), 2.94 (ddddd, J = 16.4, 5.2, 2.4, 2.4, 2.4 Hz, 1H), 3.51 (dq, J = 9.6, 7.2 Hz, 1H), 
3.77 (dq, J = 9.6, 7.2 Hz, 1H), 4.70 (ddd, J = 2.4, 2.4, 1.6 Hz, 1H), 5.23 (d, J = 4.4 Hz, 1H), 6.43 
(br s, 1H), 7.13 (d, J = 7.6 Hz, 2H), 7.21 (t, J = 7.6 Hz, 1H), 7.34 (t, J = 7.6 Hz, 2H); 13C NMR (101 
MHz, CDCl3): δ 15.16, 41.17, 62.60, 67.88, 101.98, 121.58, 126.43, 127.82, 128.42, 137.41, 
139.07 ; GCMS: m/e 204 (M+); HPLC: 40% ee (i-PrOH/n-hexane = 1/19); Anal. Calcd for 
C13H16O2: C, 76.42; H, 7.89. Found: C, 76.32; H, 7.49. 
 








Synthesis of (R)-(Z)-4-Benzylidene-2-propyloxytetrahydrofuran ((R)-3i). This compound was 
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and propyl vinyl ether (345 mg, 4 
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently, 
the compound (R)-3i is obtained 67% NMR yield (146 mg, 0.67 mmol, terephthalaldehyde as an 
internal standard). Purification by thin-layer chromatography on silica gel (Rf = 0.49, EtOAc/n- 
hexane = 1/20) gave (R)-3i in 63% yield (138 mg, 0.63 mmol) as a colorless oil. The enantiomer 
excess (35% ee) was determined by HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane = 
1/19, 0.5 mL/min, 258 nm). (R)-3i: bp (bulb-to-bulb): 112-115 ℃ (15 mmHg); FTIR (neat, cm-1): 
3328, 3055, 3026, 2962, 2931, 2875, 1946, 1734, 1667, 1598, 1492, 1449, 1423, 1345, 1303, 1263, 
1182, 1096, 1006, 927, 841, 791, 752, 695, 611 ; 1H NMR (400 MHz, CDCl3): δ 0.91 (t, J = 7.2 Hz, 
3H), 1.55-1.64 (m, 2H), 2.72 (dm, J = 16.4 Hz, 1H), 2.94 (ddddd, J = 16.4, 4.8, 2.8, 2.8, 2.8 Hz, 
1H), 3.40 (dt, J = 9.6, 6.8 Hz, 1H), 3.66 (dt, J = 9.6, 6.8 Hz, 1H), 4.69 (ddd, J = 2.4, 2.4, 1.6 Hz, 
2H), 5.22 (d, J = 4.8 Hz, 1H), 6.43 (br s, 1H), 7.13 (d, J = 7.2 Hz, 2H), 7.21 (t, J = 7.2 Hz, 1H), 
7.34 (t, J = 7.2 Hz, 2 H); 13C NMR (101 MHz, CDCl3): δ 10.61, 22.85, 41.09, 67.87, 68.93, 102.14, 
121.53, 126.43, 127.81, 128.44, 137.40, 139.11 ; GCMS: m/e 218 (M+); HPLC: 35% ee (i-PrOH/ 
n-hexane = 1/19); HRMS (EI): Calcd for C14H18O2: 218.1307 (M
+); Found: 218.1317. 
 
Synthesis of (R)-(Z)-4-Benzylidene-2-butoxytetrahydrofuran ((R)-3b). This compound was 
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and n-butyl vinyl ether (401 mg, 4.0 
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently, 
the compound (R)-3b is obtained 86% NMR yield (161 mg, 0.86 mmol, terephthal- aldehyde as an 
internal standard) in pure form as a colorless oil. The enantiomer excess (53% ee) was determined 
by HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane = 1/19, 0.5 mL/min, 258 nm). 
(R)-3b: bp (bulb-to-bulb): 115-117 ℃ (15 mmHg); FTIR (neat, cm-1): 3026, 2930, 2870, 1599, 
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1492, 1449, 1423, 1345, 1180, 1097, 1038, 925, 840, 749, 695 ; 1H NMR (400 MHz, CDCl3): δ 
0.92 (t, J = 7.6 Hz, 3H), 1.32-1.41 (m, 2H), 1.54-1.60 (m, 2H), 2.72 (dm, J = 16.4 Hz, 1H), 2.93 
(ddddd, J = 16.4, 5.2, 2.8, 2.8, 2.8 Hz, 1H), 3.45 (dt, J = 9.6, 6.8 Hz, 1H), 3.72 (dt, J = 9.6, 6.8 Hz, 
1H), 4.70 (ddd, J = 2.0, 2.0, 2.0 Hz, 2H), 5.22 (d, J = 5.2 Hz, 1H), 6.43 (br s, 1H), 7.14 (d, J = 7.2 
Hz, 2H), 7.21 (t, J = 7.2 Hz, 1H), 7.34 (t, J = 7.2 Hz, 2 H); 13C NMR (101 MHz, CDCl3): δ 13.83, 
19.33, 31.70, 41.08, 67.02, 67.86, 102.15, 121.50, 126.41, 127.80, 128.42, 137.40, 139.14 ; GCMS: 
m/e 232 (M+); HPLC: 53% ee (i-PrOH/n-hexane = 1/19); Anal. Calcd for C15H20O2: C, 77.55; H, 
8.68. Found: C, 77.53; H, 8.62. 
 
Synthesis of (R)-(Z)-4-Benzylidene-2-hexyloxytetrahydrofuran ((R)-3j). This compound was 
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and hexyl vinyl ether (1116 mg, 4 
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently, 
the compound (R)-3j is obtained 41% NMR yield (108 mg, 0.41 mmol, terephthalaldehyde as an 
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (Rf = 
0.51, EtOAc/n-hexane = 1/20) gave (R)-3j in 36% yield (94 mg, 0.36 mmol) as a colorless oil. The 
enantiomer excess (34% ee) was determined by HPLC analysis with CHIRALCEL OJ-H (i-PrOH/ 
n-hexane = 1/19, 2.0 mL/min, 288 nm). (R)-3j: bp (bulb-to-bulb): 120-122 ℃ (15 mmHg); FTIR 
(neat, cm-1): 3055, 3026, 2929, 2858, 1667, 1598, 1492, 1449, 1423, 1345, 1304, 1266, 1177, 1098, 
1077, 1026, 925, 841, 749, 695, 612 ; 1H NMR (400 MHz, CDCl3): δ 0.87 (t, J = 7.2 Hz, 3H), 
1.22-1.38 (m, 6H), 1.51-1.62 (m, 2H), 2.72 (dm, J = 16.2 Hz, 1H), 2.93 (ddddd, J = 16.2, 4.8, 2.4, 
2.4, 2.4 Hz, 1H), 3.43 (dt, J = 9.6, 6.8 Hz, 1H), 3.70 (dt, J = 9.6, 6.8 Hz, 1H), 4.68 (ddd, J = 2.0, 2.0, 
2.0 Hz, 2H), 5.21 (d, J = 4.8 Hz, 1H), 6.42 (br s, 1H), 7.13 (d, J = 7.2 Hz, 2H), 7.20 (t, J = 7.2 Hz, 
1H), 7.33 (t, J = 7.2 Hz, 2 H); 13C NMR (101 MHz, CDCl3): δ 14.03, 22.58, 25.82, 29.58, 31.61, 
41.10, 67.37, 67.88, 102.15, 121.53, 126.43, 127.81, 128.43, 137.41, 139.12 ; GCMS: m/e 260 
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Synthesis of (R)-(Z)-4-Benzylidene-2-octyloxytetrahydrofuran ((R)-3k). This compound was 
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and octyl vinyl ether (625 mg, 4 
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently, 
the compound (R)-3k is obtained 69% NMR yield (198 mg, 0.69 mmol, terephthalaldehyde as an 
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (Rf = 
0.66, EtOAc/n-hexane = 1/20) gave (R)-3k in 56% yield (162 mg, 0.56 mmol) as a colorless oil. 
The enantiomer excess (47% ee) was determined by HPLC analysis with CHIRALCEL OJ-H 
(i-PrOH/n-hexane = 1/49, 2.0 mL/min 258 nm). (R)-3k: bp (bulb-to-bulb): 125-126 ℃ (15 mmHg); 
FTIR (neat, cm-1): 3055, 3026, 2926, 2855, 1716, 1667, 1599, 1492, 1449, 1423, 1345, 1304, 1218, 
1176, 1098, 1076, 1030, 927, 841, 749, 723, 695, 612; 1H NMR (400 MHz, CDCl3): δ 0.87 (t, J = 
6.8 Hz, 3H), 1.18-1.36 (m, 10H), 1.56 (qu, J = 6.8 Hz, 2H), 2.71 (dm, J = 16.4 Hz, 1H), 2.93 
(ddddd, J = 16.4, 5.2, 2.4, 2.4, 2.4 Hz, 1H), 3.43 (dt, J = 9.6, 6.8 Hz, 1H), 3.69 (dt, J = 9.6, 6.8 Hz, 
1H), 4.68 (ddd, J = 2.0, 2.0, 2.0 Hz, 2H), 5.21 (dd, J = 5.2, 0.8 Hz, 1H), 6.42 (br s, 1H), 7.13 (d, J = 
7.2 Hz, 2H), 7.20 (t, J = 7.2 Hz, 1H), 7.33 (t, J = 7.2 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 
14.05, 22.61, 26.15, 29.22, 29.35, 29.62, 31.79, 41.09, 67.35, 67.86, 102.15, 121.52, 126.41, 127.80, 
128.42, 137.41, 139.15 ; GCMS: m/e 289 (M+); HPLC: 47% ee (i-PrOH/n- hexane = 1/49); HRMS 
(EI): Calcd for C19H28O2: 288.2089 (M
+), Found: 288.2073. 
 
Synthesis of (R)-(Z)-4-Benzylidene-2-benzyloxytetrahydrofuran ((R)-3l). This compound was 
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and benzyl vinyl ether (928 mg, 4 
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently, 
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the compound (R)-3l is obtained 60% NMR yield (160 mg, 0.60 mmol, terephthalaldehyde as an 
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (Rf = 
0.4, EtOAc/n-hexane = 1/20) gave (R)-3l in 55% yield (146 mg, 0.55 mmol) as a white solid. The 
enantiomer exess (46% ee) was determined by HPLC analysis with CHIRALCEL OJ-H 
(i-PrOH/n-Hexane = 1/19, 2.0 mL/min, 258 nm). (R)-3l: mp: 54-55 ℃; FTIR (KBr, cm-1): 3049, 
2914, 2864, 1596, 1492, 1448, 1421, 1364, 1258, 1200, 1167, 1076, 1038, 1009, 993, 969, 925, 874, 
834, 787, 756, 737, 696, 604, 541, 517, 450 ; 1H NMR (400 MHz, CDCl3): δ 2.79 (dm, J = 16.4, 
1H), 2.96 (ddddd, J = 16.4, 4.8, 2.4, 2.4, 2.4 Hz, 1H), 4.54 (d, J = 12.0 Hz, 1H), 4.73 (ddd, J = 2.0, 
2.0, 2.0 Hz, 2H), 4.76 (d, J = 12.0 Hz, 1H), 5.31 (d, J = 4.8 Hz, 1H), 6.43 (s, 1H), 7.13 (d, J = 7.5 
Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 7.26-7.36 (m, 5H), 7.33 (t, J = 7.5 Hz, 2 H); 13C NMR (101 MHz, 
CDCl3): δ 41.06, 68.08, 68.69, 101.34, 121.69, 126.48, 127.58, 127.81, 127.92, 128.37, 128.44, 
137.33, 137.94, 138.81 ; GCMS: m/e 266 (M+); HPLC: 46% ee (i-PrOH/n-Hexane = 1/19); HRMS 
(EI): Calcd for C18H18O2: 266.1307 (M
+), Found: 266.1288. 
 
Synthesis of (S,S)-4,4’-Bisisopropyl-2,2’-bioxazoline (5b). Preparation of bioxazolines 5 was 
made on the basis of the procedure reported by New J. Chem. 2001, 25, 1371-1373. Alternative 
nomenclature of this compound is (S,S)-4,4’-bis(isopropyl)-4,4’,5,5’-tetrahydro-2,2’-bioxazole. 
 
Dimethyl oxalate (354 mg, 3.0 mmol) were added into a solution of L-valinol (619 mg, 6.0 
mmol) in toluene (20 mL) under Ar (balloon). The resulting solution was refluxed for 5 h. After 
cooling to room temperature, freshly distilled thionyl chloride (2.0 mL, 22.5 mmol) was added. 
After the reaction mixture was refluxed for 3 h, and cooled to room temperature, thionyl chloride 
was removed by distillation, and the last traces of thionyl chloride were removed by azeotropic 
distillation using benzene. The resulting N,N’-bis[(S)-isopropyl-2-chloroethyl]oxamide (865 mg, 
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0.97 mmol by NMR) as colorless material was subjected, without purification, into the following 
treatment. To a solution of tetrabutylammonium bromide (96.7 mg, 0.3 mmol) in dichloromethane 
(10 mL) was added sodium hydroxide (200 mg, 5.0 mmol) dissolved in the minimum volume of 
water. The resulting solution was vigorously stirred for 30 min, and the bischlorodiamide prepared 
above (297 mg, 1.0 mmol) was added in small protions over a periond of 30 min with constant 
stirring. After addition of the bischlorooxamide was complete, the reaction mixture was further 
stirred at room temperature for 4.5 h. Then, the reaction mixture was diluted by adding 80 mL of 
water and extracted with CH2Cl2 (5 × 20 mL). The CH2Cl2 extract was dehydrated by adding 
anhydrous magnesium sulfate and the solvent was removed completely. The nearly pure product 5b 
was obtained in 99% isolated yield (222 mg, 0.99 mmol). 5b: 1H NMR (400 MHz, CDCl3): δ 0.93 
(d, J = 6.7 Hz, 6H), 1.03 (d, J = 6.9 Hz, 6H), 1.36 (dqq, J = 6.9, 6.7, 6.6 Hz, 2H), 4.06-4.17 (m, 4H), 
4.39-4.50 (m, 2H). 
 
Synthesis of (S,S)-4,4’-Bisisobutyl-2,2’-bioxazoline (5c). According to the procedure described 
above, N,N’-bis[(S)-isopropyl-2-chloroethyl]oxamide was first prepared by using dimethyl oxalate 
(177 mg, 1.5 mmol), (S)-(+)-leucinol (352 mg, 3.0 mmol), and thionyl chloride (1.0 mL, 11.3 
mmol). The resulting bischlorodiamide (325 mg, 1.0 mmol) was converted into 5c in 98% yield 
(247 mg, 0.98 mmol) by the procedure described above. 5c: 1H NMR (400 MHz, CDCl3): δ 0.93 (d, 
J = 6.6 Hz, 6H), 0.96 (d, J = 6.5 Hz, 6H), 1.35 (dt, J = 13.5, 7.3 Hz, 2H), 1.69 (dt, J = 13.5, 7.3 Hz, 
2H), 1.84 (tqq, J = 7.3, 6.6, 6.5 Hz, 2H), 4.00 (dd, J = 8.5, 8.2 Hz, 2H), 4.34 (ddt, J = 9.6, 8.5, 7.3 
Hz, 2H), 4.52 (dd, J = 9.6, 8.2 Hz, 2H). 
 
Synthesis of (S,S)-4,4’-Bis-tert-butyl-2,2’-bioxazoline (5d). According to the procedure described 
above, N,N’-bis[(S)-tert-butyl-2-chloroethyl]oxamide was first prepared by using dimethyl oxalate 
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(177 mg, 1.5 mmol), (S)-tert-leucinol (352 mg, 3.0 mmol), and thionyl chloride (1.0 mL, 11.3 
mmol). The resulting bischlorodiamide (325 mg, 1.0 mmol) was converted into 5d in 40% yield 
(101 mg, 0.40 mmol) by the procedure described above. 5d: 1H NMR (400 MHz, CDCl3): δ 
0.89-1.10 (m, 18H), 4.08 (dd, J = 10.4, 8.9 Hz, 2H), 4.23 (t, J = 8.9 Hz, 2H), 4.37 (dd, J = 10.4, 8.9 
Hz, 2H). 
 
Synthesis of (R)-(Z)-4-(4-Nitrobenzylidene)-2-ethoxytetrahydrofuran ((R)-3c). Pd(OAc)2 (22.5 
mg, 0.10 mmol), Cu(OAc)2 (18.2 mg, 0.10 mmol), catechol (22.0 mg, 0.20 mmol), and (S,S)-4,4’- 
bisbenzyl-2,2’-bioxazoline (5a) (64.0 mg, 0.20 mmol) were dissolved in toluene (4.0 mL) in a 25 
mL side-armed round bottomed flask under O2 (balloon), and the mixture was stirred for 30 min at 
room temperature. Ethyl vinyl ether (577 mg, 8.0 mmol) was added to the flask, and a solution of 
(E)-3-(4-nitrophenyl)-2-propen-1-ol (358 mg, 2.0 mmol) in toluene (1.0 mL) was then added. After 
the reaction mixture was stirred for 24 h at room temperature, the mixture was filtered through 
Florisil column (15 mm × 60 mm, 5 g, EtOAc). Evaporation of the solvent under reduced pressure 
gave (R)-3c in solid state. The pure product 3c was obtained by column chromatography (100-200 
mesh silica gel, EtOAc/n-hexane = 1/4) in 74% yield (367 mg, 0.74 mmol) as a brown solid. The 
enantiomer exess (34% ee) was determined by HPLC analysis with CHIRALCEL OJ-H 
(i-PrOH/n-Hexane = 1/9, 2.0 mL/min, 258 nm) (Figure 12). (R)-3c: mp: 75-76 ℃; FTIR (nujol, 
cm-1): 2927, 1652, 1592, 1513, 1099, 1049, 996 ; 1H NMR (400 MHz, CDCl3): δ 1.21 (t, J = 7.2 Hz, 
3H), 2.77 (d, J = 16.8 Hz, 1H), 2.98 (ddddd, J = 16.9, 5.2, 2.4, 2.4, 2.4 Hz, 1H), 3.52 (dq, J = 9.7, 
7.2 Hz, 1H), 3.78 (dq, J = 9.7, 7.2 Hz, 1H), 4.71 (ddd, J = 2.4, 2.4, 1.6 Hz, 2H), 5.26 (d, J = 5.2 Hz, 
1H), 6.51 (br s, 1H), 7.20 (d, J = 8.9 Hz, 2H), 8.19 (d, J = 8.9 Hz, 2H); 13C NMR (101 MHz, 
CDCl3,): δ 15.12, 41.64, 62.82, 67.81, 101.88, 120.01, 123.89, 128.24, 143.43, 143.68, 144.97 ; 
GCMS: m/e 249 (M+); HPLC: 34% ee (i-PrOH/n-Hexane = 1/9); Anal. Calcd for C13H15NO4: C, 
 77 
62.64; H, 6.07; N, 5.62. Found: C, 62.38; H, 6.05; N, 5.50. 
 
Figure 12. HPLC spectrum of a mixture of (R)- and (S)-3c (72:38). 
 
Synthesis of (Z)-4-(4-Aminobenzylidene)-2-ethoxytetrahydrofuran (3m). 3c (125 mg, 0.5 
mmol), FeCl3 (40.6 mg, 0.25 mmol), and active-C (284 mg, 7 eq. per FeCl3) were dissolved in THF 
(2.5 mL) and EtOH (2.5 mL) in a 25 mL side-armed round bottomed flask. Hydrazine monohydrate 
(0.1 mL, 2 mmol) was added to the mixture at 70 ℃ with stirring. After stirring for 2 h at 70 ℃, the 
reaction mixture was filtered through filter paper, and the solvent was evaporated under reduced 
pressure. The resulting mixture was diluted by adding ethyl acetate (30 mL), washed with water (2 
× 20 mL) and brine (30 mL), and dried (MgSO4). Removal of the solvent gave pure 3m in 62% 







mp: 44-45 ℃; FTIR (KBr, cm-1): 3449, 3356, 3218, 2979, 2933, 1627, 1606, 1516, 1459, 1422, 
1374, 1348, 1291, 1182, 1114, 1091, 1052, 1035, 995, 912, 865, 851, 570, 528, 419 ; 1H NMR (400 
MHz, CDCl3): δ 1.20 (t, J = 7.2 Hz, 3H), 2.67 (dm, J = 16.4 Hz, 1H), 2.90 (ddddd, J = 16.0, 5.2, 2.4, 
2.4, 2.4 Hz, 1H), 3.50 (dq, J = 9.6, 7.2 Hz, 1H), 3.76 (dq, J = 9.6, 7.2 Hz, 1H), 4.64-4.66 (m, 2H), 
5.21 (d, J = 4.4 Hz, 1H), 6.31 (br s, 1H), 6.65 (dm, J = 8.4 Hz, 2H), 6.94 (dm, J = 8.4 Hz, 2H); 13C 
NMR (101 MHz, CDCl3,): δ 15.20, 41.02, 62.55, 68.01, 102.02, 115.02, 121.30, 128.28, 129.01, 
135.01, 144.88 ; HRMS (EI): Calcd for M+-C2H5O (C13H17NO2): 174.0913, Found: 174.0900. 
 
Synthesis of (Z)-4-(4-N-(R)-(1-Naphthylethyl)ureylene)benzylidene-2-ethoxytetrahydrofuran 
(7). The amine 3m (50 mg, 0.23 mmol) was dissolved in THF (0.9 mL) in a 25 mL side-armed 
round bottomed flask, and the reaction mixture was stirred at room temperature. Isocyanic acid 
(R)-(-)-(1-isocyanatoethyl)-naphthalene (6) (0.04 mL, 0.23 mmol) was added to the flask, and the 
reaction mixture was stirred for 21 h at room temperature. N,N’-dimethyl-1,3-propanediamine (0.01 
mL, 0.08 mmol) was then added to the flask, and the mixture was stirred for 30 min. After the 
reaction mixture was evaporated under reduced pressure, the resulting mixture was diluted by 
adding 30 mL of chloroform, washed with 3% citric acid (2 × 20 mL) and brine (30 mL), and dried 
(MgSO4). Removal of the solvent gave a mixture of (R,2R)- and (R,2S)-7 in 72% NMR yield (0.72 
mmol, terephthalaldehyde as an internal standard). Further purification was made by column 
chromatography on silica gel (ethyl acetate/n-hexane = 1/1) to give a mixture of (R,2R)- and 
(R,2S)-7 in 66% yield (56.3 mg, 0.66 mmol) as powder. The diastereomer excess was determined 
by HPLC analysis with CHIRALCEL OJ-H (i-PrOH/n-Hexane = 1/9, 3.0 mL/min, 300 nm) to be 
30% de (65/35). A mixture of (R,2R)- and (R,2S)-7: FTIR (KBr, cm-1): 3735, 3324, 3048, 2974, 
2926, 2369, 1637, 1588, 1545, 1454, 1415, 1373, 1341, 1316, 1231, 1184, 1097, 1051, 1031, 998, 
926, 780, 655, 614, 527, 444 ; 1H NMR (400 MHz, CDCl3): δ 1.19 (t, J = 7.2 Hz, 3.9H), 1.20 (t, J = 
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7.2 Hz, 2.1H), 1.71 (d, J = 6.8 Hz, 6H), 2.66 (dm, J =16.4 Hz, 0.7 H), 2.68 (dm, J = 16.4 Hz, 1.3H), 
2.91 (dm, J = 16.4 Hz, 2H), 3.45 (dq, J = 9.6, 7.2 Hz, 2H), 3.76 (dq, J = 9.6, 7.2 Hz, 2H), 4.60-4.68 
(m, 4H), 4.87 (d, J = 7.2 Hz, 2H), 5.21 (d, J = 5.2Hz, 0.7H), 5.22 (d, J = 5.2 Hz, 1.3H), 5.76-5.86 
(m, 2H), 6.08 (s, 2H), 6.35 (br s, 2H), 7.02 (dm, J = 8.8 Hz, 2H), 7.19 (dm, J = 8.4 Hz, 2H), 
7.44-7.61 (m, 4H), 7.82 (d, J = 8.4 Hz, 1H), 7.89 (dm, J = 7.6 Hz, 1H), 8.19 (d, J = 8 Hz, 1H); 13C 
NMR (101 MHz, CDCl3,): δ 15.15, 21.70, 35.75, 41.08, 41.11, 46.00, 62.63, 67.88, 101.96, 106.12, 
120.44, 120.48, 120.90, 122.50, 123.24, 125.27, 125.86, 126.60, 128.34, 128.64, 128.84, 130.86, 
132.99, 133.95, 136.68, 137.93, 138.57, 154.50 ; HPLC: 30% ee (i-PrOH/n-Hexane = 1/9); HRMS 
(EI): Calcd for C26H28N2O3: 416.2100(M
+), Found: 416.2107 ; When the resulting powder was 
treated with ethyl acetate, yellow-orange material was dissolved into ethyl acetate solution. The 
remaining was white powder. A portion of the white powder (10.3 mg) was dissolved into 
1,2-dimethoxyethane in a sample-tube. The tube was placed in a bottle containing diisopropyl ether 
for overnight at refrigerator, and then stood at room temperature. As the result, colorless single 
crystals (mp: 189-192 ℃) were obtained, which was found to be (R,2S)-7 by X-ray analysis. 
(R,2S)-7: mp: 189-192 ℃; 1H NMR (400 MHz, CDCl3): δ 1.19 (t, J = 7.2 Hz, 3H), 1.70 (d, J = 7.2 
Hz, 3H), 2.68 (dm, J = 16.8 Hz, 1H), 2.90 (dm, J = 16.8 Hz, 1H), 3.49 (dq, J = 9.6, 7.2 Hz, 1H), 
3.76 (dq, J = 10.0, 7.2 Hz, 1H), 4.62-4.65 (m, 2H), 4.86 (d, J = 7.6 Hz, 1H), 5.21 (d, J = 4.8 Hz, 
1H), 5.76-5.84 (m, 1H), 6.07 (s, 1H), 6.34 (br s, 1H), 7.01 (dm, J = 8.4 Hz, 2H), 7.18 (dm, J = 8.8 







Isolation of PdCl2-(S,S)-5a Complex from a Catalyst Solution.  
 
Pd(OAc)2 (67.4 mg, 0.3 mmol), Cu(OAc)2 (54.5 mg, 0.3 mmol), catechol (4a) (33.0 mg, 0.3 
mmol), and (S,S)-4,4’-bisbenzyl-2,2’-bioxazoline (5a) (96.1 mg, 0.3 mmol) were dissolved in 
toluene (9.0 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and the reaction 
mixture was stirred for 1 h at room temperature. The solution was diluted with CH2Cl2 and washed 
with saturated NaCl solution (50 mL). The organic layer was collected, dried over MS3Å powder, 
filtered, and concentrated under reduced pressure. The resulting black powder was dissolved into a 
least amount of CH2Cl2. The solution was passed through Florisil column (10 mm × 40 mm, 1.5 g, 
CH2Cl2), and evaporation of the solvent gave PdCl2-(S,S)-5a complex as nearly pure form in 74% 
NMR yield (terephthalaldehyde as an internal standard) (109.8 mg, 0.74 mmol) as a brown solid. 
PdCl2-(S,S)-5a: mp: 257-258 ℃; 1H NMR (400 MHz, CDCl3): δ 3.01 (dm, J = 13.6 Hz, 2H), 3.62 
(dm, J = 13.6 Hz, 2H), 4.69-4.82 (m, 6H), 7.24-7.40 (m, 10H); 13C NMR (101 MHz, CDCl3): δ 29.7, 
39.4, 64.1, 127.5, 129.0, 129.7, 134.5, 159.8 ; Anal. Calcd for C20H20N2O2PdCl2: C, 48.26; H, 4.05; 
N, 5.62. Found: C, 48.58; H, 4.08; N, 5.66. In the absence of catechol, the same complex was 
obtained only in 31% NMR yield. 
 
Survey for the Catalyst Combination in Asymmetric Coupling of Cinnamyl Alcohol (1a) and 
Ethyl Vinyl Ether (2a).  
 
As described in the text, we used a combination of Pd/Cu/4a/5a = 1/1/2/2 as a standard condition, 
because of the following reasons. Under the condition using a combination of Pd/Cu/4a/5a = 
1/1/1/1, the yield of 3a was decreased to 59% (38% ee) (entry 2, Table 27), probably because a part 
of 4a or 5a is decomposed under the oxidative reaction conditions. Thus, slightly excess amounts of 
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5a and/or 4a would be a better combination of the catalyst. The use of 2 equiv of 4a per Pd 
(Pd/Cu/4a/5a = 1/1/2/1) slightly reduced the product yield and %ee (entry 3). The use of 2 equiv of 
5a per Pd (Pd/Cu/4a/5a = 1/1/1/2) (entry 4) afforded nearly identical results with those in entry 1, 
but reproducibility was poor. Therefore, because of reliable reproducibility, we used 2 equiv of 4a 
and 5a per Pd as the standard condition (Pd/Cu/4a/5a = 1/1/2/2). When the amount of 4a was 
increased up to 5 fold excess per Pd, substantially no effect was observed (entry 5). Increasing the 
amount of 5a to 4 equiv per Pd made the reaction sluggish (3a: 56% yield after 72 h) (entry 6). In 
the absence of catechol, decreasing the amount of 5a (1 equiv per Pd) significantly decreased the ee 
(26% ee) (entry 7) as well as the product yield (21%). In the absence of catechol, excess use of 5a 
gave no effect on %ee, but 3a was formed only in 18% yield. Increasing the amount of Pd(OAc)2 or 




entry (mol%) (mol%) (mol%) (mol%) yield (%)b ee (%)c
a 1a (1 mmol), 2a (4 mmol), toluene (2.5 mL), O2 (1 atm), rt, 24 h. 
b Isolated 
yield. c Measured by chiral HPLC. d NMR yield.  e Reaction time is 72 h.
1
6e
5 5 10 5 65d 37
5 5 5 10 70 41
Pd(OAc)2 Cu(OAc)2 4a (S,S)-5a
3
5 5 10 10 71 40
4
5 5 5 5 59 38
5 5 25 10 68 41
2
5 5 10 20 56d 39
5
3a
Table 27. Survey for the Catalyst Combination in Asymmetric Coupling of 
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)a
10
5 5 - 5 21 26
5 5 - 20 18 38
7
8
10 5 10 10 74 38
5 10 10 10 40 42
9
 82 
Solvent Effect in Asymmetric Coupling of Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a). 
 
The results using several solvents are given in Table 28. Similarly to acetonitrile, no good results 
for ee were obtained with O-atom containing solvents such as THF and dimethoxyethane which 
could coordinate to Pd(II). Solvents of lower dielectric constant (ε < 7.39), such as toluene and 








Table 28.  Solvent Effect on Pd(II)-Catalyzed Enantioselective Coupling of 
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)a
entry solvent yield (%)b ee (%)c
a 1a (1 mmol), 2a (4 mmol), Pd(OAc)2 (5 mol%), Cu(OAc)2 (5 mol%), 
catechol (4a) (10 mol%), (S,S)-5a (10 mol%), 2.5 mL of solvent, rt, 24 h. 



































Reaction of Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a) with Pd(TFA)2 Catalyst.  
 
Pd(TFA)2 (16.6 mg, 0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1 
mmol) were dissolved in MeCN (0.5 mL) in a 25 mL side-armed round bottomed flask under O2 
(balloon), and the mixture was stirred for 30 min at room temperature. Ethyl vinyl ether (2a) (288 
mg, 4.0 mmol) was added to the flask, and a solution of (E)-3-phenyl-2-propen-1-ol (1a) (134 mg, 
1.0 mmol) in MeCN (0.5 mL) was then added. After the reaction mixture was stirred for 3 h at 
room temperature, filtration through Florisil column (10 mm × 80 mm, 3 g, EtOAc/n-hexane = 
1/20) and evaporation of the solvent under reduced pressure gave 3a, 11, and 12 in 6, 7, and 14% 
NMR yield (terephthalaldehyde as an internal standard), respectively. Thin-layer chromatography 
on silica gel (EtOAc/n-hexane = 1/4) afforded pure 12 as a colorless oil; however, two products 11 
and 3a could not be separated. Thus, the pure product 11 was obtained by acid-catalyzed addition of 




bp (buble-to-buble): 70-73 ℃ (15 mmHg). 
1H NMR (400 MHz, CDCl3): δ 4.07 (dd, J = 6.8, 2.0 Hz, 1H), 4.28 (dd, J = 14.4, 2.4 Hz, 1H), 4.41 
(dd, J = 6.0, 1.6 Hz, 2H), 6.32 (dt, J = 15.6, 6.0 Hz, 1H), 6.52 (dd, J = 14.4, 6.8 Hz, 1H), 6.66 (dm, 
J = 16.0 Hz, 1H), 7.25 (t, J = 7.5 Hz, 1H), 7.33 (t, J = 7.5 Hz, 2H), 7.39 (d, J = 7.5 Hz, 2H). 
13C NMR (101 MHz, CDCl3): δ 68.8, 87.3, 94.4, 124.3, 126.5, 127.9, 128.6, 133.0, 136.4, 151.4. 
FTIR (neat, cm-1): 3470, 3028, 2927, 1952, 1727, 1616, 1496, 1451, 1373, 1319, 1196, 1054, 967, 




GCMS: m/e 160 (M+). 
HRMS (EI): Calcd for C11H12O: 160.0888 (M
+), Found: 160.0875. 
 
Synthesis of Addition Product 11. 
 
 
Trifluoroacetic acid (4 µL, 0.05 mmol) was dissolved in 1,2-dichloroethane (1.0 mL) in a 25 mL 
side-armed round bottomed flask and the mixture was stirred for 30 min at room temperature. Ethyl 
vinyl ether (2a) (288 mg, 4.0 mmol) was added to the flask, and a solution of (E)-3-phenyl-2- 
propen-1-ol (1a) (134 mg, 1.0 mmol) in 1,2-dichloroethane (1.5 mL) was then added. After stirring 
for 5 h at room temperature, diethyl ether was added. Evaporation of solvents gave oily material 
which contained 11 in 56% NMR yield (116 mg, 0.56 mmol, terephthalaldehyde as an internal 
standard). Thin-layer chromatography on silica gel (EtOAc/n-hexane = 1/20) gave pure 11 in 38% 
isolated yield (79.2 mg, 0.38 mmol) as a colorless oil. 11: bp (buble-to-buble): 103-105 ℃ (15 
mmHg); FTIR (neat, cm-1): 3447, 3027, 2979, 2898, 1949, 1704, 1680, 1599, 1577, 1496, 1449, 
1379, 1341, 1131, 966, 879, 842, 744, 693, 666 ; 1H NMR (400 MHz, CDCl3): δ 1.23 (t, J = 7.2 Hz, 
3H), 1.37 (d, J = 5.6 Hz, 3H), 3.53 (dq, J = 9.2, 7.2 Hz, 1H), 3.68 (dq, J = 9.2, 7.2 Hz, 1H), 4.17 
(ddd, J = 12.8, 6.0, 1.6 Hz, 1H), 4.28 (ddd, J =12.8, 6.0, 1.6 Hz, 1H), 4.81 (q, J = 5.2 Hz, 1H), 6.30 
(dt, J = 16.0, 6.0 Hz, 1H), 6.62 (d, J =16.0 Hz, 1H), 7.23 (t, J = 7.2 Hz, 1H), 7.31 (t, J = 7.2 Hz, 2H), 
7.38 (d, J = 7.2 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 15.3, 19.9, 60.6, 65.7, 99.1, 126.1, 126.4, 
127.6, 128.5, 132.0, 136.8 ; HRMS (EI): Calcd for C13H18O2: 206.1307 (M





Effect of Base on the Product Distribution in Non-asymmetric Reaction of Cinnamyl Alcohol 
(1a) and Ethyl Vinyl Ether (2a) Using PdCl2 Catalyst. 
 
The reaction of cinnamyl alcohol (1a) (1 mmol) and ethyl vinyl ether (2a) (4 mmol) was 
performed by using PdCl2 (5 mol%), Cu(OAc)2 (5 mol%), and catechol (4a) (10 mol%) in the 
presence or absence of NEt3 (10 mol%) in MeCN (1 mL) at room temperature for 3 h. The results 
are given in Table 29. The presence of NEt3 in PdCl2-Cu(OAc)2 catalyst affords only 3a in 47% 





















Table 29.  Effect of Anionic Ligands of Pd(II) and Cu(II) on Product Distributionsa
entry
yield (%)b
a 1a (1 mmol), 2a (4 mmol), Pd(II) (5 mol%), Cu(II) (5 
mol%), catechol (4a) (10 mol%), NEt3 (10 mol%),
  
MeCN (1.0 mL), rt, 3 h. b NMR yield.











Determination of Absolute Configuration of 7.  
 
One of diastereomers of urea 7 was assigned as (R,2S) configuration by X-ray analysis, (see 
below). From the nmr spectrum of a mixture of (R,2S)- and (R,2R)-7, the signals of (R,2S)-7 were 
assigned by the following observations. Figure 13(A) shows the CH3 signals (triplet, J = 7.2 Hz) of 
2-OCH2CH3 group in a 67:33 mixture of two diastereomer 7. Figure 13(B) shows a change of these 
signals upon addition of a small amount of (R,2S)-7 used for X-ray analysis into the sample shown 
in Figure 13(A). Calculations of each peak areas in Figure 13(B) indicated that this treatment 
increased the peak areas corresponding to the minor peaks. Thus, the minor peaks can be assigned 
as those of (R,2S)-7. Addition of a small amount of (R,2S)-7 into a 67:33 mixture of two 
diastereomer 7 (Figure 13(A)) moved the major peaks to lower shift, approaching the peaks 
corresponding to those of a 50:50 mixture of two diastereomers. HPLC analysis also showed that 
the minor peak is assigned as (R,2S)-7 by adding a small amount of (R,2S)-7 into a 67:33 mixture of 













Figure 13.  1H NMR signals of CH3 group (triplet, J = 7.2 Hz) in 2-OCH2CH3 moiety in a mixture 
of (R,2S)- and (R,2R)-7. (A) 67:33 mixture of (R,2S)- and (R,2R)-7. (B) CH3 signals observed after 
addition of a small ampunt of (R,2S)-7. (C) 50:50 mixture of (R,2S)- and (R,2R)-7. 
 
Synthesis of Vinyl Ethers. A representative procedure was given for the synthesis of octyl vinyl 
ethers. To a solution of [IrCl(cod)]2 (33.6 mg, 0.05 mmol) and Na2CO3 (318 mg, 3 mmol) in toluene 
(10 mL) were added 1-octanol (651 mg, 5 mmol) and vinyl acetate (861 mg, 10 mmol) under Ar. 
The reaction mixture was stirred for 2 h at 100℃. Diethyl ether (1 mL) was them added into the 





























mixture. Filtration through SiO2 column (15 mm × 80 mm, 7 g, n-hexane) followed by evaporation 
of the solvent under reduced pressure gave octyl vinyl ether in 71% NMR yield (558 mg, 3.58 
mmol, terephthalaldehyde as an internal standard). Purification was made by Kugelrohr distillation 
(547 mg, 70%). 
 
Hexyl vinyl ether (2e). NMR yield: 51% (terephthalaldehyde as an internal standard); 1H NMR 
(400 MHz, CDCl3): δ 0.90 (t, J = 7.2 Hz, 3H), 1.25-1.41 (m, 6H), 1.62-1.69 (m, 2H), 3.67 (t, J = 6.8 
Hz, 2H), 3.97 (dd, J = 6.8, 1.6 Hz, 1H), 4.17 (dd, J = 14.0, 1.6 Hz, 1H), 6.47 (dd, J = 14.0, 6.4 Hz, 
1H); 13C NMR (101 MHz, CDCl3): δ 14.02, 22.58, 25.68, 29.02, 31.57, 68.11, 86.14, 151.98 ; 
GCMS: m/e 123 (M+). 
 
Octyl vinyl ether (2f). NMR yield: 71% (terephthalaldehyde as an internal standard); 1H NMR 
(400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.22-1.43 (m, 10H), 1.62-1.69 (m, 2H), 3.67 (t, J = 
6.8 Hz, 2H), 3.97 (dd, J = 6.8, 1.6 Hz, 1H), 4.17 (dd, J = 14.0, 1.6 Hz, 1H), 6.47 (dd, J = 14.4, 6.8 
Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 14.09, 22.65, 26.00, 29.06, 29.22, 29.33, 31.79, 68.12, 
86.14, 151.98 ; GCMS: m/e 156 (M+). 
 
Benzyl vinyl ether (2g). NMR yield: 73% (terephthalaldehyde as an internal standard); 1H NMR 
(400 MHz, CDCl3): δ 4.09 (dd, J = 7.2, 2.4 Hz, 1H), 4.31 (dd, J = 14.0, 2.4 Hz, 1H), 4.77 (s, 2H), 
6.57 (dd, J = 14.4, 7.6 Hz, 1H), 7.13-7.40 (m, 5H); 13C NMR (101 MHz, CDCl3): δ 70.05, 87.32, 





X-Ray Structure Analysis of 7. 
 
All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with 
graphite monochromated Cu-Kα radiation (λ = 6.741 cm-1) at -180 ℃.  Indexing was performed 
from 3 oscillations that were exposed for 30 seconds. The crystal-to-detector distance was 127.40 
mm. Cell constants and an orientation matrix for data collection corresponded to a primitive 
monoclinic cell with dimensions. All calculations were performed using the CrystalStructure 
crystallographic software package except for refinement, which was performed using SHELXL-97 
supplied by George Sheldrick (Sheldrick, G. M. SHELXL-97, Program for the Refinement of 
Crystal Structure, University of Göttingen, Germany, 1997). The structure was solved by direct 
method (SIR92) and expanded using Fourier techniques (DIRDIF99). Neutral atom scattering 
factors were taken from Cromer and Waber. Anomalous dispersion effects were included in Fcalc; 
the values for ∆f’ and ∆f” were those of Creagh and McAuley. The values for the mass attenuation 
cofficients are those of Creagh and Hubbell. The non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were refined using the riding model. We thank Mr. M. Yamasaki and Ms. K. 
Hasegawa at Rigaku Cooporation for the data collection of X-ray analysis. 
Preparation of (R,2S)-7 was described previously on page 78. Single crystals of (R,2S)-7 was 
obtained by recrystallization from 1,2-dimethoxyethane and diisopropyl ether. 
 

























Table 30. Crystallographic Data of (R,2S)-7
Empirical Formula C26H28N2O3
Formula Weight 416.52
Crystal Color, Habit colorless, platelet
Crystal Dimensions 0.40×0.06×0.05 mm
Crystal System monoclinic
Lattice Type Primitive
Indexing Image 3 oscillations @ 30.0 seconds
Detector Position 127.40 mm
Pixel Size 0.100 mm
Lattice Parameters a = 13.0005(3) Å
b = 4.73152(11) Å
c = 17.4577(4) Å
β = 90.5905(15)°
V = 1073.80(4) Å3












Table 31. Crystallographic Data of (R,2S)-7
Diffractometer Rigaku RAXIS-RAPID
Radiation CuKα (α = 1.54187Å)
graphite monochromated
Detector Aperture 280 mm × 256 mm
Data Images 180 exposures
ω oscillation Range (χ = 54.0, = 0.0) 80.0-260.0°
Exposure Rate 90.0 sec./°
ω oscillation Range (χ = 54.0, = 90.0) 80.0-260.0°
Exposure Rate





Exposure Rate 90.0 sec./°
Detector Position 127.40 mm
Pixel Size 0.100 mm
2θmax 136.5°
No. of Reflections Measured Total: 12712
90.0 sec./°
Exposure Rate
ω oscillation Range (χ = 54.0, =270.0)
Exposure Rate
ω oscillation Range (χ = 0.0, = 0.0)
















Table 32. Structure Solution and Refinement Crystallographic Data of (R,2S)-7
Structure Solution Direct Methods (SIR92)
Refinement Full-matrix least-squares on F2
Function Minimized ∑w (Fo2 - Fc2)2
Least Squares Weights w = 1/[σ2(Fo2) + (0.1442/P)2 + 0.9079/P]
where P = (Max(Fo2,0) + 2Fc2)/3
2θmax cutoff 136.5°
Anomalous Dispersion All non-hydrogen atoms







Flack Parameter (Friedel pairs = 1579) 0.0(5)
Max Shift/Error in Final Cycle 0.000
1.03 e-/Å3
Minimum peak in Final Diff. Map -0.53 e-/Å3
Maximum peak in Final Diff. Map
Residuals: R1 (I>2.00σ(I))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)







Table 33. Atomic Coordinates and Biso/Beq of (R,2S)-7





































































































































































Table 34. Atomic Coordinates and Biso Involving Hydrogens/Beq of (R,2S)-7































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The sign is positive if when looking from atom 2 to atom 3 a clock-wise motion of atom 1 would 




















































































































C(25) C(21)3) 3.516(5) C(26) C(20)3) 3.518(5)
Symmetry Operators:
(1) -X+1, Y+1/2-1, -Z+1
(3) X, Y-1, Z
(5) X, Y+1, Z
(2) -X+1, Y+1/2, -Z+1
(4) -X+2, Y+1/2-1, -Z






















































































































































































































C(16) H(2)3) 3.203 C(16) H(7)4) 3.488























































































































































































































H(7) O(2)6) 3.197 H(7) C(3)6) 3.460























































































































































































































H(14) C(10)1) 3.324 H(14) C(23)8) 3.438























































































































































































































H(23) H(20)1) 3.093 H(23) H(22)12) 2.663

















































































































































(1) X, Y+1, Z
(3) -X+2, Y+1/2-1, -Z+1
(5) -X+1, Y+1/2, -Z+1
(2) -X+1, Y+1/2, -Z+1
(4) -X+2, Y+1/2, -Z+1
(6) X, Y-1, Z
(7) -X+2, Y+1/2-1, -Z
(9) X-1, Y-1, Z+1
(11) -X+3, Y+1/2-1, -Z
(8) -X+2, Y+1/2, -Z
(10) X-1, Y, Z+1
(12) -X+3, Y+1/2, -Z








である 2-アルコキシテトラヒドロフラン誘導体 3 は、アリルアルコー
























Figure 15. Chlomatin condensation of U937 human lymphoma cells treated with 2-alkoxy- 






(下記写真; 左写真: control, 右写真: 3b投与後 72 h)。この結果から、化合物 3bは正常細胞 
 
R = H 
(3g) 
R = Ph 
(3b) 
R = 4-NO2C6H5 
(3d) 
R = 4-NH2C6H5 
(3m) 






































換反応を行ったところ、目的の生成物 3nが収率 80％で得ることが出来た 11)。 
 
 






















a 1 (1 mmol), 2 (4 mmol), Pd(OAc)2 (0.05 mmol), Cu(OAc)2 (0.05 mmol), 








































  Figure 16. Morphological changes of U937 cells treated with 3n, 3d, 3o, and 3p for 6 h. 
                             3d         3o         3o          3p 
Figure 17. Fragmentation of DNA from U937 cells treated with 3n, 3d, 3o, and 3p for 6 h. 
 





1 : R = Me (3n)
2 : R = n-Bu (3d)
3 : R = n-Oct (3o)




















product HLBa LD50  (μM)














Table 44.  LD50 of U937 Cells and HLB Values for 2-Alkoxytetrahydrofuran Derivatives








44 の結果から、長いアルキル側鎖を持つ化合物 3o はミセル化しやすく、それより短い側
鎖を持つ化合物 3n と 3d はミセル化しにくい構造であるといえる。また、化合物 3p もミ



















Syntehsis of (Z)-2-Methoxy-4-(4-nitrobenzylidene)tetrahydrofuran (3n). Fe(ClO4)3・6H2O (22.8 
mg, 0.05 mmol) was placed in a 25 mL side-armed round bottomed flask under Ar, and a solution 
of (Z)-2-ethoxy-4-(4-nitrobenzylidene)tetrahydrofuran (3c) (124 mg, 0.5 mmol) and methanol (1.06 
mL, 2.5 mmol) in THF (2.0 mL) was added. After the reaction mixture was stirred for 2 h at room 
temperature, the mixture was filtered through silica gel column (15 mm × 60 mm, 5 g, diethyl ether 
100 mL), and the solvent was evaporated under reduced pressure to give a mixture of 3n and 
methanol. The yield of 3n was determined to be 80% by NMR. Isolation of 3n was performed by 
Kugelrohr distillation (40–80 ℃/5 mmHg) which afforded pure 3n (80 mg, 0.34 mmol) in 68% 
yield as a brown solid. 3n: FTIR (KBr, cm-1): 2932, 2834, 1658, 1597, 1516, 1446, 1420, 1336, 
1206, 1185, 1094, 1034, 993, 978, 922, 889, 846, 820, 746, 689, 553, 511, 471 ; 1H NMR (400 
MHz, CDCl3): δ 2.77 (dm, J = 16.8 Hz, 1H), 2.98 (ddddd, J = 16.7, 5.0, 2.4, 2.4, 2.4 Hz, 1H), 3.39 
(s, 3H), 4.66-4.77 (m, 2H), 5.15 (d, J = 5.1 Hz, 1H), 6.52 (qu, J = 2.3 Hz, 1H), 7.25 (dm, J = 8.9 Hz, 
2H), 8.20 (dm, J = 8.9 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 41.58, 54.64, 67.85, 103.13, 
120.12, 123.90, 128.27, 143.59, 144.64, 149.50 ; GCMS m/z: 235 (M+). 
 
Synthesis of (Z)-4-(4-Nitorobenzylidene)-2-octyloxytetrahydrofuran (3o). Pd(OAc)2 (11.2 mg, 
0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1 mmol) were dissolved in 
MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and the mixture 
was stirred for 30 min at room temperature. After that Octyl vinyl ether (312.52 mg, 2.0 mmol) was 
added. After the reaction mixture was stirred for 24 h at room temperature. After 24 h, diethyl ether 
(2 mL) and hexane (2 mL) was added into the mixture for quenching. After filtration through 
Florisil column (10 mm × 80 mm, 3 g, EtOAc/n-hexane = 1/9), the solvent was evaporated under 
reduced pressure. The product 3o nearly pure was obtained in 87% yield (NMR yield) as a brown 
oil, and further purification was made by thin-layer chromatography on silica gel. 3o: FTIR (KBr, 
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cm-1): 3448, 3080, 2928, 2855, 2448, 1925, 1660, 1596, 1517, 1466, 1420, 1344, 1183, 1098, 1029, 
927, 848, 747, 699, 666 ; 1H NMR (400 MHz, CDCl3) δ 0.87 (t, J = 7.2 Hz, 3H), 1.18-1.36 (m, 
10H), 1.57 (qu, J = 7.2 Hz, 2H), 2.77 (dm, J = 16.9 Hz, 1H), 2.97 (dm, J = 16.9 Hz, 1H), 3.44 (dt, J 
= 9.7, 6.8 Hz, 1H), 3.70 (dt, J = 9.7, 6.8 Hz, 1H), 4.69-4.72 (m, 2H), 5.24 (d, J = 5.0 Hz, 1H), 6.50 
(qu, J = 2.2 Hz, 1H), 7.25 (d, J = 8.8 Hz, 2H), 8.20 (dm, J = 8.8 Hz, 2H); 13C NMR (101 MHz, 
CDCl3): δ 14.06, 22.63, 26.15, 29.23, 29.34, 29.58, 31.80, 41.61, 67.56, 67.80, 102.07, 119.97, 
123.90, 128.24, 143.71, 145.11, 146.15 ; GCMS m/z: 333 (M+). 
 
Synthesis of (Z)-2-Benzyloxy-4-(4-nitorobenzylidene)tetrahydrofuran (3p). Pd(OAc)2 (11.2 mg, 
0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1 mmol) were dissolved in 
MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O2 (balloon), and the mixture 
was stirred for 30 min at room temperature. After that Benzyl vinyl ether (365.78 mg, 2.0 mmol) 
was added. After the reaction mixture was stirred for 24 h at room temperature. After 24 h, diethyl 
ether (2 mL) and hexane (2 mL) was added into the mixture for quenching. After filtration through 
Florisil column (10 mm × 80 mm, 3 g, EtOAc), the solvent was evaporated under reduced pressure. 
The product 3p nearly pure was obtained in 73% yield (NMR yield) as a brown solid, and further 
purification was made by filtration through Florisil column (15 mm × 80 mm, 17 g, Hexane/diethyl 
ether = 1:2). 3p: FTIR (KBr, cm-1): 2859, 1659, 1594, 1508, 1418, 1348, 1257, 1166, 1112, 1077, 
1038, 993, 966, 924, 884, 844, 783, 742, 702, 608, 508 ; 1H NMR (400 MHz, CDCl3) δ 2.84 (dm, J 
= 16.7 Hz, 1H), 3.00 (ddddd, J = 16.7, 4.9, 2.2, 2.2, 2.2 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H), 
4.73-4.76 (m, 2H), 4.76 (d, J = 11.7 Hz, 1H), 5.35 (d, J = 5.0 Hz, 1H), 6.51 (br s, 1H), 7.22-7.42 (m, 
2H), 8.20 (dm, J = 8.9 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 41.56, 68.01, 68.92, 101.28, 







1-1)  DNAラダー検出 
 
24穴プレートに、U937細胞(ヒト単核球系白血病細胞)を 2×105個/well/500µLで播種した。






Cell Lysis Buffer 
  1 M tris-HCl  pH 7.4   0.1 ｍL 
  0.5 M EDTA   pH 8.0   0.2 ｍL 
  10% TritonX-100     0.5 ｍL 
  滅菌蒸留水      9.2 ｍL 
  合計         10.0 ｍL 
TE Buffer 
  1 M tris-HCl      1.0 ｍL 
  0.5 M EDTA  pH 7.4   0.2 ｍL 
  滅菌蒸留水      98.8 ｍL 
  合計        100.0 ｍL 
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(酵素) 
RNaseA           20 mg/ｍL 
ProteinaseK          20 mg/ｍL 
 
(プロトコール) 
 1.5 ｍLエッペンチューブに、化合物 3d、3n、3o、3p でそれぞれ処理された U937細胞
を回収し、回転数 2000 rpmで 3分間遠心分離を行い、PBSで洗浄後、さらに回転数 2000 rpm
で 3分間、遠心分離を行った。エッペンチューブ内の上清を取り除いた後、Cell Lysis Buffer 
100 µL加え、穏やかにピペッティングし細胞を溶解した。4℃で 15分間置き、回転数 15000 
rpm で 20 分間遠心分離を行った。得られた上清を新しいチューブに全量移し、RNase (20 
mg/mL)を 2 µL加えた。これを、37℃で 1時間インキュベートし、5 M NaClを 20 µL及び
イソプロピルアルコールを 120 µL加え、-20℃で一晩放置した。次に、回転数 15000 rpmで
15分間遠心分離し、上清を廃棄した後、回転数 15000 rpmで 5分間遠心分離し、上清を完
全に除去し、ペレットを TE Buffer 10 µLに溶解した。得られた溶液を、2％アガロースゲ
ル電気泳動に供した。電気泳動後、SYBR Green I (Molecular Probes)で 30 分染色し、





 24穴プレートに、U937細胞を 2×105個/well/500 µLで播種した。次に 20 ｍＭの化合物
3d、3n、3o、3p をそれぞれのプレートに 5 µL (最終濃度 : 200 µＭ)添加し、30分、1時間
及び 6 時間インキュベートしたＵ937 細胞を用い、以下の方法により、それぞれクロマチ
ン凝集を確認した。 
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 まず、上記のようにそれぞれの化合物で処理した U937細胞を PBSで洗浄した。次に、1 %
グルタルアルデヒドで 2時間以上固定し、遠心分離によりグルタルアルデヒドを除去し、
さらに PBSで洗浄した。ペレットを PBS 20 µLに溶解し、10 µL取って、1 mMのヘキスト
33342溶液(Calbiochem) 2 µLと混ぜた後、スライドガラスに滴下した。前記スライドガラ







血清：子牛血清(Calf serum)  抗生物質：Amphotericin B 2.5 mg/mL, Gentamicin 50 mg/mL 
                                    Penicillin-Streptomycin 100000 units/mL-10 mg/mL 
評価物質の調整：評価物質を DMSO(Dimethyl Sulfoxide)に溶解させ、濃度 20 mMに調整。 
        DMSOの最終濃度を 1%に調整し、最終濃度 50, 100, 150, 200 µMに調整。 
初期細胞数：3 × 104 cells/mL 
培養時間：72時間 (培養条件：37 ℃、CO2濃度 5%、加湿の環境で培養) 
評価法： 










を見出した。この触媒システムを用いると、アリルアルコール類 1 とビニルエーテル 2 か
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